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ABSTRACT 
Protein variants can arise from transcription errors, post-translational 
modifications, as well as chemical or proteolytic degradation. In this work post­
capillary affinity detection for capillary electrophoresis is developed to assess 
protein microheterogeneity in complex sample matrices. Analyte variants are first 
separated by capillary zone electrophoresis due to differences in their molecular 
structure. Following separation, a fluorescently labeled analyte-binding protein is 
introduced which forms affinity complexes with protein variants. A fluorescence 
enhancement results from complex fomiation and is monitored by laser-induced 
fluorescence detection. 
Two unique affinity reaction systems are employed in post-capillary affinity 
detection. One system utilizes the affinity interaction of fragment B (of protein A) 
fluorescein conjugate with three immunoglobulin G (IgG) samples. The Fc 
fragment of human IgG is used to demonstrate the technique's feasibility as well 
as assess limitations. To couple capillary zone electrophoresis with affinity 
detection, a new post-capillary reactor is designed which allows accurate 
alignment between the separation and reaction capillaries of 10 - 25 |im. 
Selectivity is critical for analysis of monoclonal antibodies during their 
production in cell culture media. Capillary zone electrophoresis followed by 
affinity detection with fragment B-fluorescein selectively analyzes monoclonal IgG 
variants with minimal interference from cell culture media. Post-capillary affinity 
vii 
detection of human IgG subclasses reveals that a large binding constant is critical 
for analyte detection and also sets practical limits on detectability. 
A second affinity system involving the biotin-streptavidin interaction is 
employed for mechanistic studies of post-capillary affinity detection. The effects 
of post-capillary parameters, including gap distance, applied voltage, reaction 
distance, and concentration of streptavidin on peak efficiency and detection limit 
are evaluated. A reaction kinetic model is developed and effectively predicts the 
biotin peak area over 3 orders of magnitude with an analytical useful range of 2 
decades of biotin concentration. 
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CHAPTER 1. GENERAL INTRODUCTION 
Dissertation Organization 
This general introduction consists of a literature review of related material 
and a summary of post-capillary affinity detection for capillary electrophoresis. 
Three separate chapters follow the general introduction, each representing a 
paper submitted or accepted for publication. References for each paper are listed 
individually, immediately after the acknowledgments, and are in the format 
required by the journal to which the paper was submitted. The final chapter 
consists of general conclusions and recommendations for further study. 
References for both the general introduction and the general conclusions are 
combined and listed at the end of the text, after the conclusions. 
Capillary Zone Electrophoresis 
Zone electrophoresis in glass capillaries was first explored by Jorgenson 
and Lukacs to achieve high separation efficiencies for charged analytes^ '^^ l 
Usually a fused silica capillary with an internal diameter of 10-100 |im is filled with 
a buffered aqueous solution and the ends immersed in buffer reservoirs. A large 
electric field strength (100-1000 V/cm) is applied across the capillary which drives 
migration of charged analytes due to their electrophoretic mobilities. The 
magnitude of the electrophoretic mobility (n«p) is directly proportional to analyte 
2 
charge, q, and inversely proportional to the two thirds power of analyte mass, 
m^. 
q 
a 
m2o 
In addition to electrophoretic migration, silanol groups of the fused silica capillary 
are partially ionized in aqueous solution to Si-0'which results in an electrostatic 
double layer of cations, adjacent to the capillary wall. Hydrated cations in the 
diffuse region migrate towards the cathode and drag solution water which results 
in bulk flow towards the cathode. This net movement is termed the electroosmotic 
flow and is identical for all analytes, regardless of their charge or mass. 
Because of their small diffusion coefficients, high capillary zone 
electrophoresis (CZE) separation efficiencies were expected for proteins. In 
reality, numerous CZE protein separations have resulted in broad bands 
attributed to adsorption on the capillary wall. A number of strategies have been 
explored to minimize analyte-capillary wall interactions. The simplest is to work at 
a pH above the pi of the protein such that the analyte will have a net negative 
charge and will be electrostatically repelled from the silica surface '^'^  Other 
workers have employed a variety of dynamic and covalent coating procedures 
and buffer additives to minimize charge and hydrophobic interactions^^^. In this 
work fluorocarbon coated capillaries and buffers with fluorochemical surfactants, 
developed by J&W Scientific^®\ were employed to avoid protein wall adsorption. 
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Capillary Electrophoresis Based Affinity Assays 
Immunoassays have gained popularity as a selective and sensitive means 
to quantify analytes in complex matrices. However, traditional immunoassays 
involve a number of tedious and time consuming washing and incubation steps. 
As a result, analysis times of hours to days are common^\ Combining capillary 
electrophoresis (CE) with affinity or immuno reactions significantly decreases 
analysis time, consumes less sample, and maintains high analyte specificity. A 
number of groups have developed CE based immunoassays to quantify 
proteins^^®"^^ or drugs^^®"^^^ in complex matrices such as serum or urine. 
Nielsen et al.^^°^ were the first to demonstrate the ability of CZE to analyze 
immunocomplexes. In less than 5 minutes, they were able to resolve free human 
growth hormone from both immunocomplexes with anti-human growth hormone 
and unreacted anti-human growth hormone^^°\ Arentoft et al.^"^ followed with a 
micellar electrokinetic capillary chromatography (MEKC) affinity system to 
separate inhibitors complexed with monoclonal antibodies or enzymes. UV 
absorbance detection was employed by both Nielsen et al. and Arentoft et. 
al.^"^ and, as a consequence, the sensitivity was quite low. In addition, many 
sample components absorb light in the UV region which limits the type and 
complexity of samples that can be analyzed. 
The transition from UV absorbance to laser-induced fluorescence detection 
(LIFD) has resulted in significant improvements in both selectivity and detection 
limits. Few molecules fluoresce, such that, antibodies or antigens need to be 
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tagged with fluorescein, tetramethylrhodamine, or other fluorescent dyes, to be 
utilized in a CE based immunoassay. In the noncompetitive format, labeled 
antibody or antibody fragment is incubated with the sample. Then, a small 
amount, on the order of nanoliters, is injected into the capillary and free antibody 
separated from the immunocomplexes. Since only the fluorescently labeled 
antibody or immunocomplexes are observed, resolution of unbound antigen is not 
necessary for a non-competitive immunoassay. On the contrary, it is necessary to 
resolve affinity complexes from excess labeled antigen in the competitive format. 
Both antibody (or antibody fragment) and labeled antigen are added to the sample 
and the labeled antigen competes with the antigen in the sample for a limited 
amount of antibody. Either the increase in free labeled antigen or decrease in 
affinity complexes can be used to quantify the amount of antigen present in the 
sample. 
Schultz and Kennedy were among the first to exploit LIFD for a CE 
immunoassay^^^^ They developed a competitive assay for insulin and a 
noncompetitive assay for monoclonal lgG2A Fab fragment raised against insulin. 
They found that whole lgG2A resulted in broad peaks unless high salt buffers 
were used which caused either current problems at large field strengths or longer 
analysis times when the field was decreased^^ l^ They improved reproducibility 
and detection limits when fused silica capillaries were replaced with ones coated 
with linear polyacrylamide which allowed them to quantify the insulin contained in 
and secreted by single islets of Langerhans^^^^ In related work Tao and Kennedy 
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automated the competitive CE immunoassay by pumping FITC insulin, anti-
insulin, and sample into a mixing cross and utilizing a flow gated interface for CZE 
sample introduction^^^. By switching sources of antibody to one with higher 
binding affinity for insulin and good CZE separation efficiency, further 
improvements in detection limits and reproducibility were observed^^"'. 
Shimura and Karger were also early contributors to CE based 
immunoassays^^®^. By labeling the Fab' fragment of monoclonal anti-human 
growth hormone with tetramethylrhodamine they were able to detect affinity 
complexes with human growth hormone separated by capillary isoelectric 
focusing^^®^. As with Nielsen et al/^°^ and Schultz et al/^ '^"\ the affinity probe 
(antibody) and sample were incubated and complexes formed prior to separation. 
Shimura and Karger were first to report separation of protein variant complexes, 
however, short analysis times and slow dissociation kinetics were important to 
minimize the amount of complex dissociation as well as achieve variant 
resolution^. 
Subsequently, Chen^^®^ and Reif et al.^^^ introduced additional 
noncompetitive CE immunoassays to determine IgA and IgG, respectively. 
Affinity complexes between IgA and succinyl-F(ab')2 fragment of anti-lgA were 
fonned and separated by CZE with qualitative results^^®^. Quantitative results 
were obtained for the determination of IgG by mixing Protein G-FITC derivatives 
with IgG serum samples and the complex peak resolved from free Protein G- FITC 
by CZE^^^. Alternatively, the sample and affinity probe (Protein G- FITC) could be 
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injected as separate but consecutive zones such that the complexes formed 
inside the capillary prior to or during separation^^^. 
Additional competitive CE based immunoassays were developed by Chen 
and Pentoney^^®^ and Chen and Evangelista^^®' to determine drugs in serum and 
urine, respectively. Digoxin was determined in serum by competing with a 
fluorescent drug derivative (tracer) for a limited amount of antibody. The ratio of 
bound vs. free tracer allowed determination of digoxin in the clinically relevant 
range of 10*^° to 10"® Further work was developed by Chen and Evangelista 
resulted in the first multi-dmg CE immunoassay^^®'. In a 5 minute analysis 
morphine and phencyclidine in urine samples were simultaneously determined 
based on their competition with fluorescent tracers for antibodies against 
morphine and phencyclidine^^®'. 
Further advances in competitive CE drug immunoassays were made by 
Schmalzing et al.®°' and Steinmann et al.^^\ Schmalzing and co-workers 
synthesized a fluorescein derivative of Cortisol which competed with serum 
Cortisol for a limited amount of mouse monoclonal anti-cortisol Fab fragment^"'. 
They took advantage of high CE separation efficiencies to allow rapid sample 
throughput, in only c.a. 2 minutes they were able to resolve immunocomplexes 
from free FITC-cortisol^ °'. A MEKC based assay for serum theophylline was 
developed by Steinmann et al.^^\ A10 minute incubation time was required prior 
to MEKC separation of free and bound tracer to achieve maximum complex 
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formation. However, dissociation did occur over the course of the separation 
which resulted 
in a raised baseline between the free tracer and tracer-antibody peaks^^\ 
In summary, CE based immunoassays allow rapid Identification of proteins 
or drugs in either a competitive or noncompetitive format. Employing LIFD allows 
detection of low analyte levels, however, detection limits are often hindered by the 
strength of the affinity interaction. Complex dissociation during the analysis can 
be minimized by utilizing rapid separations, i.e. high field strengths with narrow 
separation channels, yet, total analysis time can be much longer due to pre-
separation incubation. Cross reactivity between the affinity probe and structurally 
related drugs or proteins can complicate the analysis. Separating analyte 
variants or structurally related compounds is difficult to achieve. Unless probes or 
antibodies can be produced with extreme specificity and low cross reactivity, CE 
based affinity immunoassays are best suited to analyze the total amount of 
structurally similar compounds. 
Post-Capillary Reactors for Capillary Zone Electrophoresis 
Post-columns are widely used in conjunction with HPLC separations to 
increase detection sensitivity or introduce selectivity. The eluent from the HPLC 
column is connected with derivatization reagent via a T-junction. Often, the 
reaction occurs in a coiled tubing or knitted open tubular reactor to enhance 
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reaction yields while minimizing band broadening. The products are observed 
downstream by an appropriate detector. 
Also motivated by increased detection sensitivity or selectivity, post-column 
or post-capillary reactors have been employed following CE separations. 
Detection limits for CE with LIFD are on the order of 10"^^ M, making trace 
analysis possible. However, most molecules are not fluorescent, such that post-
column fluorescent derivatization is an attractive alternative. Unlike pre-column 
modification, the tag does not alter analyte mobility and degradation Is irrelevant 
when the analyte is derivatized in a post-column format. 
Jorgenson and Rose were among the first to develop a post-capillary 
reactor for CZE^\ With their design, the end of a 25 |im I.D. separation capillary 
was inserted inside reaction capillaries with 50-200 jim I.D. Hydrodynamic flow 
introduced fluorogenic reagent when the o-phthaldialdehyde (OPA) reagent 
reservoir was raised 2-16 cm above the inlet and outlet buffer reservoirs. Further 
modifications of this system by Nickerson and Jorgenson incorporated the use of 
helium pressure to drive OPA reagent addition with greater reproducibility than 
gravity flow^ l^ This reproducibility allowed them to study the effects of flow rate 
and reaction distance on peak area and efficiency. They were able to obtain 
efficiencies of 150,000 theoretical plates and linearity over two orders of 
magnitude for myoglobin reacted with OPA. 
An alternative approach for post-column fluorogenic labeling, which did not 
involve physically coupling two capillaries, was introduced by Rose '^^ . In this 
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system the reaction occurred at the end of the separation capillary in the cathodic 
reservoir which contained OPA. Fiber optics aligned at the end of the capillary 
transmitted the excitation beam and emitted fluorescence^^. The simplicity of the 
reactor was attractive, yet the detection system was more cumbersome than the 
previous design and important parameters, such as reaction time, were difficult to 
control. 
Zare et al. introduced yet another post-capillary reactor design in which a 
CO2 laser was employed to "drill" a 60 jxm hole into a fused silica capillary^®^. 
Two additional capillaries were sealed on either side of the hole, creating a 
channel perpendicular to the separation capillary^®^. As with Jorgenson and 
Rose, hydrostatic pressure drove OPA reagent addition by raising the height of 
the reagent reservoir. Overall flow after the T-junction was a combination of 
electroosmosis and hydrodynamic components. Amino acids were separated by 
CZE and then OPA reagent was introduced through the laser-drilled hole to mix 
and react with the sample. They observed a linear response over 3 orders of 
magnitude and an increase in zone broadening of approximately 10% due to the 
post-capillary reactor^®'. 
Albin and co-workers modified a commercial CE instrument to incorporate 
a T-shaped gap junction reactor which positioned the separation and reaction 
capillaries within 50 jim using ferrule fittings and Teflon tubing^®'. They used a 50 
lim internal diameter separation capillary and a 75 |xm reaction capillary with one 
potential drop applied across both capillaries^®^. As a result, the volume flow rate 
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in the reaction capillary, driven entirely by electroosmosis, exceeded that of the 
separation capillary and derivatization reagent was siphoned into the reaction 
capillary. One anticipated benefit of electroosmotic introduction over 
hydrodynamic reagent addition was that band broadening should be minimized. 
However, Albin's design resulted in approximately a 10% loss in resolution just as 
observed by Zare et al.^®' who employed hydrodynamic addition. Nonetheless, 
Albin's design was the first post-capillary reactor to employ electric field 
exclusively in the reaction capillary for reagent Introduction. In addition, the 
simplicity of their design marked an improvement over the tedious nature of 
previous reactors. 
A unique post-capillary reactor was developed by Kuhr and co-workers that 
also utilized electric field to drive analyte transfer and dilution across a 50-200 iim 
gap^^. The capillaries were positioned with submicron resolution using 3-axis 
micropositioner. A lower ionic strength buffer bathed the junction which facilitated 
both the transfer of sample across the gap as well as dilution to change the 
separation buffer or add reagents. The lower ionic strength buffer was siphoned 
into the detection capillary which subsequently resulted in an increase in the 
electroosmotic flow in the second capillary. They observed optimum dilution when 
the ionic strength of the gap buffer was 5-10 times lower than that of the 
separation buffer. Based on these conditions, they were able to apply their 
reactor to on-line peptide mapping by transferring the tryptic digest from an 
enzyme modified capillary to a separation capillary^®\ Their design was the first 
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to employ a physical separation between two capillaries that could be adjusted 
precisely. 
A major breakthrough in controlling reagent addition while minimizing band 
broadening was achieved by employing two separate electric fields to manipulate 
the dilution ratio^\ Their post-capillary reactor design was similar to that of Kuhr 
et al.^ '^^ ®^ in that 3-way stages were employed to adjust the gap distance and align 
the separation and reaction capillaries. However, they were able to adjust the 
flow rate from the reactor by varying the potential drop across the detection 
capillary. Although the use of electrical field to drive reagent introduction results 
in low dispersion, due to the flat CE flow profile, zone broadening and peak 
distortions may arise from differences in electrophoretic migration velocities for 
the analytes and their modified products. 
Post-Capillary Affinity Detection for Capillary Electrophoresis 
In this work, post-capillary affinity detection for CE is developed to 
selectively determine structurally related analytes in complex samples. Post­
capillary affinity detection combines the strengths of CZE and affinity interactions 
in a two-dimensional system. In the first dimension, variants are separated by 
CZE due to differences in their molecular structure. Following separation, a 
fluorescently labeled analyte-binding protein is introduced which forms affinity 
complexes with analyte variants. Complex formation decreases static or dynamic 
quenching and the resulting fluorescence enhancement is monitored by LIFD. As 
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a result, affinity complexes are selectively identrfied with discrimination against 
other sample components. A schematic illustration of post-capillary affinity 
detection for capillary electrophoresis is shown in Fig. 1.1. Two unique affinity 
systems are investigated by post-capillary affinity detection and are based on 
homogeneous assays for IgG and Biotin developed by Huang and Lee^ '^ and 
Barbarakis et al.^\ respectively. 
Immunoglobulin G and Fragment B of Protein A 
Immunoglobulin G (IgG) consists of four polypeptide chains, two identical 
heavy chains and two identical light chains, linked by disulfide bonds (see Figure 
1.2). Modification of the amino acid sequence in the variable part of the Fab 
region results in unique antigen binding specificity while the sequence in the 
constant region is characteristic of a given subclass. In humans, four major 
subclasses of IgG exist and are denoted IgG 1-4. The amino acid sequence of 
IgG subclasses is over 95% homologous, however, major differences exist in the 
hinge region. Table 1.1 summarizes many of the properties of the individual 
subclasses. 
Two complex N-linked oligosaccarides are located on the Fc region, one 
on each heavy chain. Variation in sugar content results in antibody heterogeneity 
with critical consequences. A decrease in terminal galactose had been 
associated with rheumatoid arthritis and primary osteoarthritis in humans^ as 
well as pathological myeloma IgG '^^ ^. In addition to their natural functions 
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Figure 1.1. Schematic diagram of analyte variant separation and affinity reaction 
between analyte variants and fluorescein labeled affinity probe. 
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Figure 1.2. Schematic diagram of IgG. 
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Table 1.1: Properties of Human IgG Subclasses. 
IgGI IgG 2 IgG 3 IgG 4 
Concentration in 
"Normal" 
Human Serum 
5-12 mg/ml 2-6 mg/ml 0.5-1 mg/ml 0.2-1 mg/ml 
Number of Amino 
Acids 
in Hinge Region 
15 12 62 12 
Number of Interchain 
Disulfides 
in Hinge Region 
2 4 11 2 
Binding of Protein A strong strong weak strong 
Binding C1q 
(activation of 
complement 
cascade) 
strong weak strong no binding 
(can inhibit 
binding of C1q 
with other 
subclasses) 
Binding Surface Fc 
Receptors 
(phagocytosis) 
strong weak strong weak 
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during an immune response, antibodies have gained popularity as reagents for 
immunoassays to selectively analyze "dirty" samples. 
Protein A of Staphylococcus aureus is a bacterial cell wall protein that 
contains 5 homologous regions, each with high affinity for the constant Fc region 
of IgG. Since protein A recognizes a region of IgG which does not change with 
antigen binding specificity, protein A is a valuable affinity probe for most IgGs. 
One limitation that must be considered is the subclass dependence of protein A 
binding. Table 1.1 reveals that human IgG 3 has only weak binding with protein 
A Fragment B is a recombinant protein expressed in E. Coli. which contains the 
amino acid sequence of the B region of protein A and, thus, also exhibits similar 
IgG binding affinities. 
Huang and Lee^^ have exploited the affinity of protein A and fragment B to 
develop a homogeneous fluorescence immunoassay for IgG. Initially, protein A 
fluorescein conjugate with an average of 5 fluorescein molecules per protein A 
was mixed with mouse IgG and up to a 70% increase in fluorescence intensity 
was observed. The effect of solution conditions on enhancement indicated that 
the local environment surrounding fluorescein changed upon binding. As the 
solution pH or ionic strength was increased, the fluorescence enhancement 
decreased. The change in local environment around fluorescein conjugated with 
protein A allowed the development of a direct and homogeneous assay for IgG^^^ 
The affinity interaction of fragment B (of protein A) fluorescein conjugate 
with IgG and subsequent fluorescence enhancement due to affinity binding are 
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utilized to develop post-capillary affinity detection for IgG variants separated by 
CZE. Chapter 2 discusses how the Fc fragment of human IgG is used to 
demonstrate the technique's feasibility as well as assess limitations. To couple 
CZE with affinity detection, a new post-capillary reactor is designed which allows 
accurate alignment between a separation and reaction capillary. The reactor 
design draws on the strengths of previous post-column reactors^*^®^ while 
simplifying capillary alignment and positioning. 
Chapter three applies post-capillary fragment B fluorescein addition to 
determine mouse monoclonal antibodies and human IgG subclasses. Selectivity 
is critical for analysis of monoclonal antibodies during their production in cell 
culture media. To evaluate this application, mouse antibodies against human 
follicle stimulating hormone and anti-human trypsin are analyzed in the presence 
of cell culture media. CZE separation followed by affinity detection with fragment 
B-fluorescein selectively detects IgG variants with minimal interference from the 
media. Serum levels of individual IgG subclasses may indicate immunodeficiency 
despite a "normal" total concentration of IgG. With this system the levels of 
human IgG 1 and 2 are selectively identified and could be used to assess IgG 2 
deficiency. However, levels of IgG 3 are not obtained due to a weak affinity 
interaction between fragment B and IgG 3. A large binding constant is critical for 
analyte detection and also sets practical limits on detectability. 
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Streptavidin and Biotin 
Biotin, vitamin H, is an essential nutrient involved in a number of important 
carboxylation reactions. Avidin and streptavidin are both tetrasubunit proteins 
each with high affinity for biotin. KA~10^®M"^ Barbarakis et al.^ discovered an 
enhancement in the emission intensity of fluorescently labeled avidin upon 
binding of biotin or biotin derivatives. The enhancement was greatest for 
fluorescein relative to other dyes and increasing the conjugation ratio of 
fluoresceins per avidin also increased emission enhancement^. A shorter 
fluorescence lifetime was measured for FITC-avidin relative to both free 
fluorescein as well as FITC-avidin incubated with biotin, which suggested a 
decrease in dynamic quenching resulted from biotin binding^\ 
The streptavidin-biotin interaction is employed in this work for post­
capillary affinity detection. Biotin derivatives are separated by CZE and detected 
on-line as their affinity complexes with FITC-streptavidin. The effects of post­
capillary transfer and reaction parameters, including gap distance, applied 
voltage, reaction distance, and concentration of streptavidin-FITC, on peak 
efficiency and detection limit are evaluated and discussed in chapter four. A 
theoretical model incorporating association kinetics was developed to predict 
post-capillary detection results including linear range and limits of detection. 
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CHAPTER 2. POST-CAPILLARY AFFINITY 
DETECTION OF PROTEIN MICROHETEROGENEITY 
IN CAPILLARY ZONE ELECTROPHORESIS 
A paper published in the Journal of Chromatography A 
Jean Abler Kelly, K. R. Reddy, and Cheng S. Lee 
Abstract 
Post-capillary affinity detection is developed to selectively evaluate protein 
microheterogeneity in complex sample matrices. In this scheme, separation of 
protein variants is accomplished prior to affinity detection. A post-capillary reactor 
is constructed to allow the transfer of separated variants as well as the addition of 
a fluorescein labeled analyte-binding protein into the reaction capillary. Affinity 
complexes are formed within the reaction capillary and monitored by laser 
induced fluorescence detection. A fluorescence enhancement upon affinity 
complex fomnation allows selective detection of protein variants. Successful 
resolution of IgG Fc variants is presented and compared with affinity capillary 
electrophoresis techniques reported in the literature. Additionally, the effects of 
analyte transfer and affinity complex formation on resolution and detection limits 
of IgG Fc variants are discussed. 
Introduction 
Biosynthetic production of therapeutic proteins rarely results in a single 
protein product. Contaminants due to product variants, in addition to serum and 
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cellular proteins, are common. Variation sources include expression errors, post-
translational modifications, deamination, as well as proteolytic degradation^ \ 
Thus, on-line evaluation of product microheterogeneity is critical to assess purity 
and lot-to-lot consistency. Additionally, rapid analysis of bioreactor conditions 
allows feedback controls to modify process parameters thereby improving product 
qualify and yield. 
The formation of affinify complexes followed by electrophoretic separations 
(2-6) 
were studied by capillary electrophoresis . Rapid capillary zone 
electrophoresis (CZE) separation of complexed and free human growth hormone 
02) 
was presented by Nielsen et al. Due to the low detection limits obtained with 
laser induced fluorescence, other researchers used fluorescently tagged 
antibodies to evaluate the total concentration of antigens by complex formation 
(3-6) prior to CZE separation . Schultz and Kennedy employed competitive and 
noncompetitive capillary electrophoresis based immunoassays to quantify 
insulin^^ Similarly, Schmalzing et al. '^^  and Reif et al.^ were able to selectively 
determine serum concentrations of Cortisol and IgG, respectively. The complexed 
and free antibodies were separable, provided a significant mobility difference 
between free and complexed antibody and minimum heterogeneity of antigen and 
antibody. However, Shimura and Karger achieved resolution of 
immunocomplexes between antibody and deaminated variants of methionyl 
(6) 
recombinant human growth hormone by capillary isoelectric focusing . 
Recently, Zare and his co-workers have combined capillary electrophoresis 
with a cell-based detector for separation and identification of various receptor 
antagonists^. In this study, a post-capillary affinify detection technique is 
developed and utilized to selectively examine protein microheterogeneity. Post­
capillary affinify detection, shown in Fig. 2.1, combines the separation power of 
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Figure 2.1. Schematic diagram of post-capillary affinity detection: (A) overview 
of system and (B) expanded view of post-capillary reactor. A 20 |im gap between 
the separation and reaction capillaries Is surrounded by solution containing 
fluorescently labeled reporter protein for post-capillary reaction. 
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CZE with the specificity of affinity binding. CZE allows separation of protein 
variants amongst themselves in the separation capillary. Subsequently, the 
variants are transferred across a 20 nm gap and introduced into the reaction 
capillary. A fluorescently tagged reporter protein, present in the gap, is also 
siphoned into the reaction capillary and selectively binds the protein variants. To 
accomplish transfer with minimal loss of resolution and efficiency, a post-capillary 
reactor is developed. 
Numerous CZE post-capillary designs have been introduced for analyte 
transfer and fluorescent derivatizatlon^"^ Rose and Jorgenson used a coaxial 
capillary reactor and raised the height of a reagent reservoir to drive introduction 
(8) 
of 0-phthaldialdehyde . Other workers focused on different schemes to control 
transfer and reagent introduction driven by electrophoretic mobility and 
electroosmotic pumping^"\ Kuhr and his co-workers used lower ionic strength 
buffer in the capillary junction and studied the transfer efficiency of dyes across 
(9) 
capillary gaps of 50-200 |im . Albin et al. fixed the capillaries 50 lam apart and 
(10) 
used a larger internal diameter reaction capillary to drive reagent delivery . 
Cassidy et al. employed separate electric field strengths in the separation and 
detection capillaries, thus allowing electronic control of analyte transfer and 
reagent introduction^"^. In our study, the capillaries are fixed 20 nm apart and 
vacuum is applied to the outlet reservoir (see Fig. 2.1) to introduce fluorescently 
tagged reporter protein. The selection and comparison of our post-capillary 
(9-11) 
reactor with the designs reported in the literature are discussed. 
As a model system for evaluating post-capillary affinity detection, the extent 
of microheterogeneity within human IgG Fc is assessed. Post-capillary addition of 
fluorescein labeled fragment B of protein A results in selective binding with IgG Fc 
variants as they elute from the separation capillary. When IgG binds fragment B-
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fluorescein (BF), the local pH surrounding the fluorochrome increases. Because 
the fluorescence intensity of fluorescein rises with increasing pH, the fluorescence 
intensity of the BF-IgG complex is higher than that of free BF. Mechanistic 
studies of this phenomenon have been discussed previously and used to develop 
a homogeneous immunoassay for measuring total IgG concentration '^^  The 
fluorescence intensity In the reaction capillary is monitored by laser Induced 
fluorescence detection (LIFD) (see Figs. 2.1 and 2.2), thus allowing selective 
detection of BF-IgG complexes. The predicted electropherogram consists of a 
constant background fluorescence from continual siphoning of BF into the 
reaction capillary. Peaks are observed on top of the background when separated 
IgG Fc variants form affinity complexes with BF in the reaction capillary. Post­
capillary affinity detection is presented and compared with reported affinity 
(3-6) 
capillary electrophoresis techniques to assess the microheterogeneity of IgG 
Fc variants. 
Experimental 
Fluorescein Conjugation 
Fragment B of protein A (Sigma, St. Louis, Missouri) was reacted with 5-
carboxyl fluorescein succinimidyl ester (Molecular Probes, Eugene, Oregon). 
Subsequently, the mixture was separated by HPLC and fractions collected as 
(14) 
described previously . The fraction corresponding to fluorescein conjugated 
with lysine 154 of fragment B was diluted in run buffer for use in all studies. 
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CZE Analysis 
Human IgG Fc (CalBiochem, San Diego, California) was reconstituted with 
de-Ionized water and stored in aliquots at -10 °C prior to use. CZE-UV analyses 
were performed at 200 nm with a Linear UVIS 200 multi-wavelength detector 
(Linear Instruments, Reno, Nevada). High voltage power supplies equipped to 
deliver 0-30 kV (Spellman, Plainview, New York) were housed In self-contained 
interlock boxes and used for all CZE experiments. 
Run buffer was prepared by titrating solutions containing 20 mM 
monobasic and dibasic phosphate (Fisher Scientific, Pittsburgh, Pennsylvania) to 
pH 7.3 and adding neutral and weakly acidic fluorochemical surfactants at a 
concentration of 0.0025% each. Prior to use, fluorochemical coated separation 
capillaries with 50 jim i.d. and 375 i^ m o.d. (J & W Scientific, Folsom, California) 
were conditioned overnight in buffer containing a ten times higher concentration 
of fluorochemical surfactants than in the run buffer. 
In transfer experiments, the reaction capillary was fused silica with 25 jam 
i.d. and 375 iim o.d. (Polymicro Technologies, Phoenix, Arizona). Fused silica 
capillaries were treated with 100 mM sodium hydroxide (Fisher Scientific, 
Pittsburgh, Pennsylvania) followed by de-ionized water, then run buffer prior to 
use. UV absorbance and fluorescence detection were monitored in the reaction 
capillary at 5 and 1.5 cm from the post-capillary reactor, respectively. For UV 
analysis with transfer, run buffer was placed in the post-capillary reactor and 
vacuum was applied to the outlet reservoir via a pipet-aid (Drummond Scientific, 
Broomall, Pennsylvania). In fluorescence experiments with transfer, conditions 
were similar, however, fragment B-fluorescein (BF) was diluted to 2 iig/ml in run 
buffer and placed in the post-capillary reactor. 
The 488 nm line of an argon ion laser (Ion Laser Technology, Salt Lake 
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City. Utah) was used for LIFD. A LIFD system (see Fig. 2.2) originally designed 
(15) by Yeung and his co-workers was geometrically modified to allow the 
integration of a post-capillary reactor. Specifically, the laser beam, objective, and 
reaction capillary were positioned In the same plane with a 45° angle between the 
laser beam and the capillary and a 90° angle between the capillary and the 
objective. A mirror directed the laser beam through two 488 nm filters after which 
a lens focused the beam onto the capillary window (polyamide coating removed 
by hot sulfuric acid). A 10x objective mounted on a movable stage collected the 
fluorescence and a second mirror directed it through two 515 nm filters and then 
onto a photomultiplier tube. 
Post-Capillary Reactor 
A rectangular post-capillary reactor was machined out of Plexiglas with 
dimensions of 2.5 x 0.7 x 1.3 cm and a 50 reservoir (see Fig. 2.1). A hole with 
1/16 inch diameter was drilled through the reservoir and Teflon tubing (0.3 mm i.d. 
and 1/16 inch o.d.) was placed on both sides of the reservoir. The small I.d. of 
the tubing allowed secure alignment of the separation and reaction capillaries at 
the same height and lateral position. The end to end distance between the 
capillaries In the post-capillary reactor was adjusted manually and visualized by a 
custom microscope (Edmund Scientific, Barrington, New Jersey) equipped with a 
lOx objective and 10x eyepiece. The use of a micrometer disc reticle allowed 
measurement of the 20 |im gap between the capillaries. 
Gel isoelectric Focusing 
A gel containing 3-10 Blo-Lyte (Bio Rad Laboratories, Richmond, 
California) was cast and photopolymerlzed as described in Bio Rad's Model 111 
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Mini lEF instruction manual. Human IgG Fc samples were run in "Mini-Protean" 
dual slab cell (Bio Rad Laboratories, Richmond, California) using an ISCO 453 
power supply (ISCO Inc., Lincoln, Nebraska). Solutions of 20 mM sodium 
hydroxide and 10 mM phosphoric acid (Fisher Scientific, Pittsburgh, 
Pennsylvania) were added to the cathodic and anodic reservoirs, respectively. A 
5 fag sample of IgG Fc was applied to the gel and voltage was gradually increased 
to 500 V. This field was maintained until the current dropped to 10% of the initial 
value, signaling completion of the focusing. Silver staining was performed as 
described elsewhere^^^. 
Results and Discussion 
(3-6) 
Most literature reported affinity capillary electrophoresis techniques 
have focused on complex formation followed by electrophoretic separation. In 
contrast, our proposed scheme (see Fig. 2.1) evaluates protein 
microheterogeneity by resolving protein variants prior to affinity detection. The 
main advantage of our technique, as demonstrated in this study, is improved 
resolution of protein variants, relative to affinity complex formation prior to CZE 
analysis. 
CZE-UV Studies 
The success of our proposed scheme for examining the microheterogeneity 
of IgG Fc depended on the accomplishment of a number of steps. First and 
foremost, IgG Fc variants had to be resolved by CZE. To achieve this goal, 
experimental parameters such as buffer composition, field strength, type of 
capillary (coated vs. fused silica), and effective capillary length were examined. 
Successful baseline resolution of four IgG Fc isoforms was obtained in CZE by 
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using fluorocarbon coated capillaries (see Fig. 2.3 A). The separation efficiencies 
were lower than those commonly expected with CZE and likely due to a 
combination of protein-wall interactions and even further microheterogeneity. The 
variant with the least negative electrophoretic mobility was the most abundant; its 
peak area accounted for 55% of total area. Also shown in Fig. 2.3 B, the gel 
isoelectric focusing of IgG Fc resulted in separation and detection of four variants 
with a pi range of about 6.2-6.8. At a buffer pH of 7.3, all four variants had a net 
negative charge which was consistent with their negative electrophoretic 
mobilities observed in CZE. In comparison with gel isoelectric focusing, an 
accurate assessment of the extent of IgG Fc variation was achieved by CZE. 
IgG Fc variants resolved by CZE had to be transferred across a 20 iim gap 
and introduced into the reaction capillary. Minimal loss in separation resolution 
and efficiency of the variant peaks was critical for maintaining the distinction 
between variants and for making an accurate measure of IgG Fc 
microheterogeneity. Transfer experiments were carried out by applying vacuum 
to the outlet reservoir and were monitored with UV detection to estimate the loss 
in resolution. In this case, run buffer without BF was placed in the post-capillary 
reactor and the IgG Fc variants were detected at 200 nm after they were 
transferred into the reaction capillary. In comparison with the single capillary 
separation, the transfer electropherogram (see Fig. 2.3 C) showed somewhat 
poorer resolution. For example, resolution between peaks 2 and 3 decreased 
from 1.2 to 1.1. 
Resolution changes due to transfer were insignificant, however, peak 
height differences were notable in the UV analysis. When the IgG Fc variants 
were transferred across the gap and introduced into the reaction capillary, the 
peak heights decreased. This decrease, though large, was attributable to our 
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Figure 2.3. Analysis of IgG Fc variants. (A) CZE separation of 250 pig/mi IgG Fc 
in fluorocarbon coated capillary. Separation capillary was 50 cm total length and 
30 cm to detector with 50 iim i.d. and 375 jim o.d. 10 kV was applied to the inlet 
reservoir for 10 second sample injection and was maintained during the 
separation. Run buffer was 20 mM phosphate with 0.005% fluorochemical 
surfactant at pH 7.3. UV absorbance detected at 200 nm. (B) Gel isoelectric 
focusing of IgG Fc. (C) CZE separation and transfer of 500 iig/ml IgG Fc. 
Separation capillary was 30 cm fluorocarbon coated capillary with 50 pim i.d. and 
375 |im o.d. 7 kV was applied across the separation capillary for 5 second 
sample injection and for electrophoresis. Run buffer and buffer in post-capillary 
reactor was 20 mM phosphate with 0.005% fluorochemical surfactant at pH 7.3. 
UV absorbance at 200 nm in the reaction capillary (20 cm fused silica reaction 
capillary with 25 jim i.d. and 375 nm o.d.) was measured 5 cm from the post­
capillary reactor. Vacuum was applied to the outlet reservoir. 
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post-capillary reactor design. Because the contents of the separation capillary 
and the buffer in the post-capillary reactor were both siphoned Into the reaction 
capillary, the concentrations of the IgG Fc variants were decreased by c.a. 40 % 
due to dilution. Also, the UV detection limits were poorer in the transfer studies 
because the optical pathlength in the reaction capillary was only 25 iim while that 
of the separation capillary was 50 iim. 
Post-Capillary Affinity Detection of IgG Fc 
Transfer of IgG Fc variants across the post-capillary reactor was possible 
without significant deterioration in resolution. For post-capillary affinity detection 
of the IgG Fc variants, BF was added to the post-capillary reactor. The 
fluorescence enhancement upon binding of BF with IgG Fc variants, due to a 
microenvironmental pH increase, varied with solution conditions such as pH and 
ionic strength^^^ Therefore, fluorescence emission scans of BF in the absence 
and presence of excess IgG Fc were performed under identical solution 
conditions (pH, ionic strength, and fluorochemical surfactant concentration) as 
used In the CZE separation. When 16 |ig/ml of IgG Fc was reacted with 2 pig/ml 
of BF, the fluorescence intensity increased by 68% without any observable shift in 
fluorescence emission wavelength. This increase in fluorescence Intensity upon 
binding was significant and allowed selective detection of IgG Fc variants in the 
reaction capillary by on-column LIFD. 
In post-capillary affinity detection, IgG Fc variants with a total concentration 
of 100 ng/ml were separated in a fluorocarbon coated capillary and transferred 
across a 20 nm gap into the reaction capillary. Simultaneously, BF was siphoned 
from the post-capillary reactor into the reaction capillary by applying vacuum to 
the outlet reservoir. Initially, a large fluorescence front was observed in the 
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electropherogram shown in Fig. 2.4 due to flow of BF into the reaction capillary. 
On top of the fluorescence background, a system peak appeared at 17 minutes 
followed by four additional peaks around 25 minutes. The pattern of four peaks 
was similar to that observed in CZE-UV studies; the first peak accounted for 57% 
of total area in post-capillary affinity detection and 55% in CZE-UV separations. 
Furthermore, peak height ratios between the four components only changed by 
approximately 5% relative to CZE-UV measurements. These observations 
indicated that the four IgG Fc variants had comparable binding affinities towards 
BF as well as similar local environment changes upon binding. 
In comparison with the CZE-UV transfer experiments (see Fig. 2.3 C), 
resolution of IgG Fc variants in post-capillary affinity detection was poorer due to 
the introduction of the affinity reaction. The resolution decreased from 2.0 to 1.3 
between peaks 1 and 2 and reduced from 1.1 to 0.8 between peaks 2 and 3. In 
post-capillary affinity detection, detection limits for IgG Fc variants were superior 
to those with UV measurements (see Fig. 2.3). As shown in Fig. 2.5, IgG Fc 
variants with a total concentration of 10 ng/ml total IgG Fc were separated and 
detected. Based on peak area ratios, the injected concentration of the first variant 
was estimated to be approximately 6 ng/ml. The concentrations of the remaining 
three variants were slightly greater than 1 iig/ml. 
The linearity of post-capillary affinity detection of IgG Fc variants was 
evaluated. Triplicate injections of IgG Fc at total concentrations of 25, 50, 75, and 
100 |ig/ml were analyzed and the peak area of the first variant was plotted as a 
function of total IgG Fc concentration (see Fig. 2.6). Regression analysis resulted 
in a correlation coefficient of 0.997, indicating excellent linearity of IgG Fc 
microheterogeneity analysis. Therefore, post-capillary affinity detection has the 
ability to simultaneously analyze both the extent and the quantification of protein 
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Figure 2.4. Post-capillary affinity detection of 100 iig/ml IgG Fc variants. 
Separation was performed in a 30 cm fluorocarbon coated capillary with 50 iim 
i.d. and 375 jim o.d. 6 kV was applied across the separation capillary for 5 
second sample injection and was maintained for separation. Run buffer contained 
20 mM phosphate and 0.005% fluorochemical surfactant at pH 7.3. The reaction 
capillary was 20 cm of fused silica with 25 iim i.d. and 375 [im o.d. LIFD at 515 
nm was monitored in the reaction capillary, 1.5 cm from the post-capillary reactor. 
Vacuum was applied to the outlet reservoir and 2 |ig/ml BP was placed in the 
post-capillary reactor. 
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Figure 2.5. Post-capillary affinity detection of IgG Fc variants. Conditions were 
identical to those in Fig. 2.4 except sample contained only 10 iig/ml total IgG Fc. 
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microheterogeneity. Day to day variation in system conditions could be minimized 
by spiking samples with a known amount of IgG and thus normalizing the peak 
area response. 
System peaks have been observed in micellar electrokinetic 
chromatography with indirect fluorescence detection of alcohols and phenols^^^. 
Amankwa and Kuhr have attributed the system peaks to excess background 
fluorophores which were displaced from the micelles by analyte molecules and 
eluted at the time of the electroosmotic flow. Additionally, both positive and 
negative system peaks have been observed in CZE-UV analysis and believed to 
have physical origins at the capillary inlet which caused a buffer ion concentration 
(18) 
change in the sample plug . In all post-capillary affinity electrophoretic 
measurements, system peaks were observed at a time corresponding to the 
electroosmotic flow. It was possible that the system peaks observed in post­
capillary affinity detection were due to variation In the ionic strengths of the 
sample plug and the run buffer, which then altered the fluorescence signal. 
The efficient transfer and mixing of IgG Fc variants with BF in the reaction 
capillary was critical. Transfer efficiency depended on alignment of the 
separation and reaction capillaries within 20 iim. Post-capillary reactor 
construction, Teflon tubing alignment, as well as parallel capillary ends were 
critical to achieve accurate gap distances. In this study both BF and IgG Fc were 
-6 -7 
large molecules with small diffusion coefficients in the range of 10 to 10 
2 
cm /sec. Small diffusion coefficients resulted in longer mixing times in the 
reaction capillary. Therefore, the i.d. of the reaction capillary was held to 25 ^m 
to minimize the time requirement. Additionally, the application of vacuum and the 
resultant parabolic flow enhanced mixing in the reaction capillary. 
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Another advantage of using vacuum in the reaction capillary was equal flow 
rates for all components. Peak distortions and negative peaks were observed 
when electric field was applied to the reaction capillary in place of vacuum (see 
Fig. 2.7). The negative peaks could be explained by examining the migration 
processes in the reaction capillary. Once BF and IgG Fc variants bind in the 
reaction capillary, the local concentration of free BF was depleted. 
Simultaneously, the BF and BF-IgG Fc complexes were migrating at different 
velocities. The BF-IgG Fc complexes have a higher overall mobility and could 
start to migrate out of the region of depleted BF. Therefore, the elution of the 
complex peak for each IgG Fc variant was followed by a negative peak as a result 
of a depleted BF zone. 
Selectivity and Generality of Post-Capillary Affinity Detection 
The key advantage of post-capillary affinity detection was selective 
detection of protein variants due to affinity interactions. Despite addition of 1 
mg/ml myoglobin and 1 mg/ml serum albumin to a 65 ^g/ml IgG Fc sample, only 
peaks due to IgG Fc were observed by post-capillary affinity detection (data not 
shown). Because myoglobin and serum albumin lacked affinity binding with BF, 
their presence did not contribute to any induced changes in the fluorescence 
intensity. The rapid analysis of IgG Fc microheterogeneity was achieved without 
any interference from sample components, including myoglobin and serum 
albumin, as presented in this study. Selectivity of affinity interactions is critical for 
many systems containing complex sample matrices, including cell cultures. 
Future work is focused on direct cell culture analysis of IgG microheterogeneity 
In order for an affinity system to be studied by post-capillary affinity 
detection, there must be a significant change (either increase or decrease) in 
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Figure 2.7. Post-capillary affinity detection of IgG Fc variants with electric field 
in reaction capillary. Conditions were identical to those in Fig. 2.4, however, 5.5 
kV was applied across the reaction capillary in place of vacuum. 
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fluorescence intensity of fluorescently tagged reporter protein upon binding with 
analytes. Although not trivial, this requirement has been accomplished with other 
analytes. Current studies underway in our laboratory demonstrate the viability of 
detecting biotin derivatives using post-capillary reactions with fluorescein labeled 
avidin in post-capillary affinity detection. 
Comparison with Reported Affinity Capillary Electrophoresis Techniques 
(3-5) 
Affinity capillary electrophoresis techniques reported in the literature 
involving complex formation prior to CZE analysis, were employed to evaluate IgG 
Fc microheterogeneity. As shown in Fig. 2.8 A, a shoulder on the BF peak was 
observed in the CZE-LIFD measurement. This observation indicated potential 
microheterogeneity among BF even after HPLC purification (see Experimental). 
When the amount of IgG Fc was limiting in the reaction prior to CZE separation, 
peaks were observed for both the complexed and free BF (see Fig. 2.8 B). The 
baseline failed to return to background levels between the complexed and free BF 
peaks which indicated possible complex dissociation during the CZE analysis. 
When the amount of IgG Fc was in excess, the complex peak shown in Fig. 2.8 C 
was broad with shoulders. Perhaps, these shoulders on the complex peak 
resulted from poorly resolved IgG Fc microheterogeneity. By comparing the 
results shown in Figs. 2.4 and 2.8, post-capillary affinity detection clearly 
exhibited greater resolving power for examining protein microheterogeneity in 
complex sample matrices. 
Affinity complex formation prior to CZE analysis, however, has the 
advantage of lower detection limits. Detection limits suffer with post-capillary 
affinity detection because of the high fluorescence background and the need to 
determine a small change in the background level upon complex formation. 
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Figure 2.8. CZE-LIFD separation of BF-IgG Fc affinity complexes. The 
fluorocarbon coated capillary of 50 urn i.d. and 375 nm o.d was 46 cm total length 
and 30 cm to LIFD at 515 nm. 11 kV was applied for 5 second sample injection 
and was maintained for separation. Run buffer contained 10 mM phosphate and 
0.005% fluorochemical surfactant at pH 7.0. BF and IgG Fc were prepared in run 
buffer with (A) 12 |ag/ml BF, (B) 12 ng/ml BF and 12 |ig/ml IgG Fc, and (C) 12 
jig/ml BF and 50 ng/ml IgG Fc. 
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Decreasing the concentration of BF in the post-capillary reactor may improve the 
detection limit by lowering background noise, however, the ultimate limit is also 
detennined by the binding affinity between BF and IgG Fc variants. Therefore, 
complex formation prior to CZE-LIFD is advantageous to determine the total 
amount of IgG. However, post-capillary affinity detection has significant 
advantages in maintaining resolution and selectively detecting IgG Fc variants in 
complex sample matrices. 
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CHAPTER 3. ON-LiNE POST-CAPILLARY 
AFFINITY DETECTION OF IGG SUBCLASSES AND MONOCLONAL 
ANTIBODY VARIANTS FOR CAPILLARY ELECTROPHORESIS 
A paper submitted to Journal of Chromatography 
Jean Abler Kelly and Cheng S. Lee* 
Abstract 
Human Immunoglobulin G (IgG) subclasses each play a unique role in an 
immune response to foreign antigens. Three of the human IgG subclasses have 
distinct electrophoretic mobilities and are resolved by capillary zone 
electrophoresis (CZE). A post-capillary reactor is constructed to allow on-line 
addition of fragment B-fluorescein to form affinity complexes with separated IgG 
subclasses. Post-capillary affinity detection provides selective identification of 
human IgG subclasses and illustrates the effect of affinity binding constant on 
detection sensitivity. Additionally, post-capillary affinity detection for CZE 
facilitates rapid and selective heterogeneity analysis of mouse monoclonal anti-
(human-ai-antitrypsin) and anti-human follicle stimulating hormone in complex 
sample matrices. A constant mobility difference is observed between the antibody 
isoforms, likely the result of charge heterogeneity due to deamination, 
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degradation, or variation in sialic acid content. 
Introduction 
Heterogeneity of immunoglobulin G (IgG) plays a critical role in antibody 
function and efTectiveness. Variation sources include amino acid expression, 
post-translational modifications, as well as chemical and proteolytic degradation. 
The amino acid sequence in the variable region of IgG gives rise to unique 
antigen binding specificity while the sequence in the constant region is 
characteristic of a given IgG subclass. The number of IgG isoforms is increased 
by post-translational modifications, notably N-linked glycosylation of the heavy 
chain. Deamination and incomplete C or N temnini create additional IgG variants. 
The IgG molecule is composed of two heavy and two light polypeptide 
chains linked together by disulfide bonds. All heavy chains are of the y 
immunoglobulin class whereas the light chains are either A, or k types (72X2 and 
Y2K2). In addition, four major subclasses of the y chain have been documented in 
humans and termed IgG 1-4 to designate their relative abundance in serum. Over 
95% of the amino acid sequence is homologous among the subclasses, however, 
major differences exist in the hinge region where the two heavy chains are joined. 
The numbers of both amino acid residues and interchain disulfide bonds vary in 
the hinge region which alters molecule flexibility and access to the Fc region. 
Complement activation, initiated by binding of 01 to the Fc region of IgG, varies 
considerably among the subclasses. IgG 3 binds 01 the strongest followed by 
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IgG 1; IgG 2 binds to a lesser extent and binding of C1 with IgG 4 has not been 
observed^ '^^ . Due to their unique functions in immune response, subclass levels 
have been characterized in an attempt to understand the significance of individual 
subclasses on health. 
Glycosylation of proteins is known to influence protein folding, secretion, 
and clearance of glycoproteins from the blood stream '^. In addition, certain 
glycoforms have been shown to Induce an immune response and concern by 
regulatory agencies regarding therapeutic glycoproteins is increasing^ l^ 
Glycosylation of IgG has little to no effect on antigen or protein A binding^^. 
However, IgG glycosylation is critical for effector functions Including complement 
fixation, binding to Fc receptors on macrophages, and rapid elimination of antigen 
bound complexes from the circulation®. 
Due to structural changes upon antigen binding, terminal galactose 
residues on IgG become more accessible to hepatic receptors which clear rat 
IgG-antigen complexes from the circulation^®'. For human IgG, a decrease in 
tenninal galactose has been associated with rheumatoid arthritis and primary 
osteoarthritis^ as well as pathological myeloma IgG^® ®'. Glycosylation of 
hybridoma produced IgG varies significantly with culture age and may vary to 
some extent with culture medium pH or proliferation state^^°^ Given the 
importance of glycosylation, a need exists for rapid identification of IgG 
heterogeneity during production. 
Recently, we have developed on-line affinity detection for capillary zone 
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electrophoresis (CZE) to allow rapid identification of IgG Fc variants^^^^ or biotin 
derivatives (unpublished work) in complex sample matrices. This technique 
allows separation of analyte isoforms prior to on-line affinity detection. The 
advantages of high efficiency and low sample consumption characteristic of CZE 
are combined with class selectivity of affinity reactions. In this study, IgG variants 
are resolved by CZE and transferred across a 20 ^m gap into a reaction capillary 
(see Fig. 3.1). A mild vacuum is applied to the outlet reservoir such that the 
volume flow rate In the reaction capillary is greater than that in the separation 
capillary. Fragment B of protein A conjugated with fluorescein (BF) is placed in 
the post-capillary reactor and is also introduced into the reaction capillary. Affinity 
binding between IgG and BF occurs in the reaction capillary and the complexes 
are detected by laser induced fluorescence due to a fluorescence enhancement 
upon binding^^^\ 
In this paper, post-capillary affinity detection for CZE is applied to analyze 
human IgG subclasses and to allow rapid monitoring of monoclonal antibody 
heterogeneity in cell culture media. Analysis of three human subclasses reveals 
that assay sensitivity is highly dependent upon association constants between BF 
and the IgG. Selective detection of monoclonal antibody variants is achieved 
despite the presence of cell culture media containing serum. The lack of 
significant interference by complex sample matrices demonstrates the potential 
application of this technique for process monitoring of monoclonal antibody 
production. 
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Experimental 
Fluorescein Conjugation 
Fragment B of protein A (Sigma, St. Louis, Missouri) was reacted with 5-
carboxyl fluorescein succinimidyl ester (Molecular Probes, Eugene, Oregon). 
Subsequently, the mixture was separated by anion exchange HPLC and fractions 
(12) 
were collected as described previously . The fraction corresponding to 
fluorescein conjugated with lysine 154 of fragment B was diluted in run buffer for 
use in all studies. 
Capillary Zone Electrophoresis-UV Analysis 
Human IgG 1X,  2X,  and 3K subclasses were purchased from Sigma 
Chemical Company. Mouse monoclonal IgGaa antibodies against human follicle 
stimulating hormone and human-ai-antitrypsin were obtained from CalBiochem 
(San Diego, California). All antibody samples were stored in aliquots at -10 °C 
prior to use. For the CZE analyses, antibody aliquots were diluted with run buffer 
and/or de-ionized water such that the final ionic strength was equal to that of the 
run buffer. 
Run buffer was prepared by titration of 20 mM monobasic phosphate with 
20 mM dibasic phosphate (Fisher Scientific, Pittsburgh, Pennsylvania) to pH 7.3 
and addition of neutral and weakly acidic fluorochemical surfactants at a 
concentration of 0.0025% each. Prior to use, fluorochemical coated capillaries (J 
& W Scientific, Folsom, California) were conditioned overnight in buffer containing 
0.05% fluorochemical surfactants. 
CZE-UV analyses were perfonned with a Linear UVIS 200 multi-
wavelength detector (Linear Instruments, Reno, Nevada) at 200 nm. High voltage 
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power supplies, equipped to deliver 0-30 kV (Spellman, Plainview, New York), 
were housed in self-contained interlock boxes and used for all CZE experiments. 
Data collection was performed with an HP 35900D analog-to-digital interface 
board with the HP G1250C General Purpose Chemstation software (Hewlett 
Packard, Fullerton, California). 
Post-Capillary Affinity Detection for Capillary Zone Electrophoresis 
Antibody aliquots were diluted in DME cell culture media (Sigma Chemical 
Company) containing fetal bovine serum such that the final antibody 
concentration ranged from 20 \iglm\ to 100 ng/ml. After preparation, these 
antibody samples were placed in 10,000 MW cut-off microfiltration units (Millipore, 
Bedford, Massachusetts) and were desalted by repeated addition of run buffer 
and centrifugation at 5000 g. During the course of dialysis, the concentrations of 
anti-human follicle stimulating hormone and anti-(human-ai-antitrypsin) were 
increased by factors of 10 and 2.5, respectively. 
A rectangular post-capillary reactor was machined out of Plexiglas with 
dimensions of 2.5 x 1.3 x 0.7 cm and a 50 nL reservoir (see Fig. 3.1). Two 1/16 
inch diameter channels accessed the reservoir from opposite sides and were 
fitted with Teflon tubing (0.3 mm I.D. and 1/16 inch O.D.). The small I.D. of the 
tubing allowed secure alignment of the separation and reaction capillaries at the 
same height and lateral position. The end-to-end distance between the capillaries 
in the post-capillary reactor was adjusted manually and visualized by a custom 
microscope (Edmund Scientific, Barrington, New Jersey) equipped with a lOx 
objective and a lOx eyepiece. The use of a micrometer disc reticle allowed 
measurement of the 20 lam gap between the capillaries. 
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Figure 3.1. Schematic diagram of post-capillary affinity detection for CZE: (A) 
system overview and (B) expanded view of post-capillary reactor and capillary 
junction. 
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For post-capillary affinity detection of IgG variants, BF was diluted In run 
buffer and placed in the post-capillary reactor. Vacuum was applied to the outlet 
reservoir via a pipet-aid (Drummond Scientific, Broomall, Pennsylvania) to 
transfer separated IgG variants and BF into the reaction capillary. The 488 nm 
line of an argon ion laser (Ion Laser Technology, Salt Lake City, Utah) was used 
for laser-induced fluorescence detection. A laser-Induced fluorescence detection 
(13) 
system originally designed by Yeung and his co-workers was geometrically 
modified to allow the Integration of a post-capillary reactor. Modifications were 
described in detail elsewhere^"\ Fluorescence emission at 515 nm In the 
reaction capillary was monitored 1 cm from the post-capillary reactor. 
Homogeneous Fluorescence Assay 
Homogeneous affinity assays for IgG subclasses were performed using the 
well plate accessory for a LS50B fluorescence spectrophotometer (Perkin-Elmer 
Corp., Buckinghamshire, England). BF and IgG were diluted in 20 mM phosphate 
buffer at pH 7.3, such that the final volume was 190 iiL. The BF concentration 
was fixed at 1.5 ng/ml while the concentration of each IgG subclass was varied 
from 0-10 ng/ml. Triplicate fluorescence intensity measurements at 515 nm were 
averaged for each IgG concentration. 
Results and Discussion 
Capillary Zone Electrophoresis of Human IgG Subclasses 
Due to interest in their immunological role, human IgG subclasses were 
studied by CZE with both UV absorbance and post-capillary affinity detection. 
Successful baseline resolution between the subclasses (see Fig. 3.2 A) was 
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obtained by CZE with UV absorbance detection at 200 nm. The use of 
fluorocarbon coated capillaries was essential to reduce protein-wall interactions. 
IgG 3 eluted first followed by IgG 1 and IgG 2. Minor shoulders were observed on 
each major peak, indicating further heterogeneity within a given subclass. Slight 
differences in electrophoretic mobility allowed partial resolution of IgG isoforms 
within a particular subclass. Human IgG 4 was not employed in these studies due 
to difficulties encountered in the CZE separation. Analysis of IgG 4 by CZE 
resulted in an extremely broad peak, possibly due to adsorption of IgG 4 onto the 
capillary wall (data not shown). 
Analysis of the subclasses by post-capillary affinity detection for CZE was 
also performed. IgG subclasses were transferred across a 20 |am gap between the 
separation and reaction capillaries (see Fig. 3.1) without significant deterioration 
in separation efficiency or resolution. BF was added to the post-capillary reactor 
and affinity complexes between BF and IgG subclasses were monitored in the 
reaction capillary by on-column laser-induced fluorescence detection. The 
fluorescence enhancement upon binding of BF with IgG was due to a 
microenvironment pH increase and was discussed previously^"^ Despite the 
presence of all three subclasses. Fig. 3.2 B revealed only two protein peaks at 
migration times corresponding to IgG 1 and IgG 2. As shown in Fig. 3.2 B, the 
shoulders observed in the CZE-UV analysis (see Fig. 3.2 A) were broadened 
during the affinity step and merged with the main IgG peaks. A reduction in 
separation resolution due to the affinity reaction was also observed in the analysis 
of IgG Fc variants^^^^ 
Weak binding affinity between protein A and IgG 3 resulted from a single 
amino acid substitution at residue 435 on IgG Since fragment B contained 
the same IgG binding site as protein A, weak binding between BF and human IgG 
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Figure 3.2. Analysis of human IgG subclasses. (A) CZE-UV separation of 500 
ng/ml of each IgG 1, 2, and 3. A fluorocarbon coated capillary of 58 cm (31 cm to 
detector) x 50 ^m I.D. x 375 jim O.D. was filled with 20 mM phosphate buffer 
containing 0.005% fluorochemical surfactant at pH 7.3. 11.5 kV was applied 
across the capillary for a 5 second electrokinetic injection and maintained during 
the separation. (B) CZE-affinity detection of 300 pig/ml of each IgG 1, 2, and 3. 
Separation was performed in a fluorocarbon coated capillary of 30 cm x 50 |xm 
I.D. X 375 i^m O.D. filled with 20 mM phosphate buffer containing 0.005% 
fluorochemical surfactant at pH 7.3. The fluorochemical coated reaction capillary 
was 6 cm X 20 |im I.D. x 375 lam O.D. 6 kV was applied across the separation 
capillary for a 5 second electrokinetic injection and maintained during the 
separation. BF at 2 jig/ml was placed in the post-capillary reactor and vacuum 
was applied to the outlet reservoir. Laser-induced fluorescence detection at 515 
nm was monitored in the reaction capillary, 1 cm from the post-capillary reactor. 
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3 was expected and could explain the lack of fluorescence enhancement during 
the analysis of IgG 3. In the post-capillary affinity detection, the peak height ratio 
of IgG 2 to IgG 1 was significantly deaeased as compared with the ratio observed 
in the CZE-UV analysis. This decrease in peak ratio might again result from the 
difference in binding affinity between BF and IgG subclasses. Thus, fluorescence 
homogeneous binding assays were performed to assess the binding affinity 
between BF and the three IgG subclasses. 
In the presence of 1.5 i^g/ml BF, the increase In fluorescence intensity due 
to increasing amounts of IgG subclasses was measured and shown in Fig. 3.3. 
The samples were incubated for 30 minutes to ensure binding equilibrium was 
reached. In the case of IgG 1, the fluorescence intensity increased sharply and 
then leveled off at c.a. 7.5 i^g/ml IgG 1. A similar trend was observed for IgG 2, 
although the initial slope was somewhat lower and a larger IgG concentration was 
necessary to reach binding saturation. Thus, the overall assay sensitivity was 
lower for IgG 2 than for IgG 1. The fluorescence intensity of BF failed to change 
significantly as the concentration of IgG 3 was increased, however, a slight 
increase was obsen/ed at high IgG 3 concentrations. 
As discussed previously^^^\ the magnitude of the initial slope in the 
calibration curve reflected the binding strength between BF and IgG. For IgG 3, 
the low fluorescence enhancement indicated weak affinity binding with BF. 
Additionally, the lower initial slope and the higher IgG concentration required to 
reach binding saturation suggested a slightly weaker binding constant for IgG 2 
than for IgG 1. Duhamel et al. observed the elution IgG 2 at pH 4.7 followed by 
IgG 1 at pH 4.3 from a protein A column '^®', further supporting our observed 
differences in affinity binding of IgG 1 and IgG 2 for BF. 
In the homogeneous fluorescence binding assays, both IgG 1 and IgG 2 
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Figure 3.3. Homogeneous fluorescence binding assay of human IgG subclasses. 
54 
reached the same fluorescence plateau at binding saturation (see Fig. 3.3). 
Thus, increases in microenvironmental pH and fluorescence intensity of BF were 
comparable upon binding with IgG 1 or IgG 2. Based on the results obtained from 
the homogeneous fluorescence binding assays, the difference in peak heights 
and detection sensitivities of IgG 1 and IgG 2 (see Fig. 3.2 B) were due in part to 
variation in binding affinity with BF. 
Similar BF concentrations were used in both the homogeneous 
fluorescence assay and post-capillary affinity detection. However, the 
concentrations of IgG differed by at least one order of magnitude due to the 
nature of the measurements. Fluorescence intensities were obtained after 
binding equilibrium was reached for the homogeneous assay. In contrast, post­
capillary affinity detection was operated under kinetically limiting conditions. In 
post-capillary affinity detection, BF and IgG were only allowed to mix and react for 
about 10 seconds in an effort to minimize band dispersion due to the parabolic 
flow profile in the reaction capillary. As a result, higher IgG concentrations were 
employed for the post-capillary affinity reaction in order to speed up the 
association rate. 
Among the subclasses, differences exist in the number of disulfide bonds 
joining the two heavy chains at the hinge region. The structure In the hinge 
region affects molecular flexibility and access to the Fc region of human lgG^^•^^ 
Given the rigid nature of IgG 2's hinge region, the association of IgG 2 with BF 
may be hindered. Decreased kinetics as well as weaker binding affinity likely 
resulted in a decreased peak height for IgG 2 relative to IgG 1. 
55 
Capillary Zone Electrophoresis of Mouse Monoclonal Antibodies 
In addition to IgG subclasses, CZE with UV absorbance and post-capillary 
affinity detection were employed to evaluate the heterogeneity of mouse anti-
(human-ai-antitrypsin) and anti-human follicle stimulating hormone. UV detection 
following CZE separation revealed three main variants of anti-(human-ai-
antitrypsin) (see figure 3.4 A). Post-capillary BF addition was employed to 
selectively detect antibody variants in the presence of DME cell culture media 
containing 5% fetal bovine serum. As shown in Fig. 3.4 B, the same number of 
antibody variants was observed in post-capillary affinity detection as in the UV 
measurement Rapid analysis of antibody heterogeneity was achieved without any 
interference from cell culture media containing fetal bovine serum. A/itibody 
peaks were clearly discernible with only one additional system peak at the time of 
the electroosmotic flow. The system peak observed in post-capillary affinity 
detection was due to differences in the ionic strength of the sample and run 
buffers, which altered the fluorescence signal. In comparison with the CZE-UV 
measurement (see Fig. 3.4 A), a longer separation capillary and a lower electric 
field strength in CZE-affinity detection accounted for the increase in antibody 
migration times. 
Linearity of post-capillary affinity detection for monoclonal antibody 
analysis was evaluated. Duplicate injections of anti-(human-ai-antitrypsin) were 
analyzed and total fluorescence peak area plotted as a function of antibody 
concentration in cell culture media. As shown in Fig. 3.5, a linear relationship 
between total peak area and antibody concentration was observed with a 
correlation coefficient of 0.989. The concentrations analyzed were in a range 
commonly found in hybridoma cell cultures. Therefore, CZE combined with post­
capillary affinity detection has the ability to simultaneously measure antibody 
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Figure 3.4. Analysis of mouse anti-(human-ai-antitrypsin). (A) CZE-UV 
separation of 650 (ig/ml monoclonal antibody. Separation conditions were 
identical to those in Fig. 2A. (B) CZE-affinlty detection of 75 ng/ml monoclonal 
antibody in DME media containing 5% fetal bovine serum. Separation was 
performed in a fluorocarbon coated capillary of 34 cm x 50 jim I.D. x 375 |im O.D. 
6 kV was applied across the separation capillary for a 5 second electrokinetic 
injection and maintained during the separation. BF at 0.5 fig/ml was placed in the 
post-capillary reactor. Other conditions were the same as those in Fig. 3.2 B. 
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58 
concentration and assess protein heterogeneity during antibody production. 
Mouse monoclonal anti-human follicle stimulating hormone in OME media 
containing 3% serum was also analyzed by post-capillary affinity detection for 
CZE. Three major and two minor antibody variants were partially resolved by 
CZE and selectively detected in the reaction capillary (see Fig. 3.6). Affinity 
complex fomnation with BF allowed selective detection of antibody variants 
despite the presence of cell culture media containing serum proteins. Both 
monoclonal antibodies employed in this study belonged to the mouse 2a subclass 
and exhibited strong affinity binding with BF, demonstrated by post-capillary 
affinity detection. 
Samples containing mouse monoclonal antibodies were dialyzed against 
run buffer prior to CZE-affinity detection (see Experimental). High salt 
concentrations in antibody samples contributed to band broadening in CZE and 
resulted in poor separation resolution among antibody variants. In addition, the 
magnitude of the system peak was proportional to the difference in ionic strength 
between the sample and run buffer. The small system peak that appeared in the 
electropherogram did not interfere with the affinity detection of antibody variants 
in this study. However, if the mobilities were such that antibody variants migrated 
near the system peak, further minimizing ionic strength variation would be critical. 
The peaks observed for mouse anti-human follicle stimulating hormone, 
were separated by similar but increasing migration times (see Fig. 3.6). The 
difference in electrophoretic mobilities between neighboring antibody peaks 
tumed out to be a constant value of 2.92 x 10"® cm^/Vsec with a RSD of only 
1.68%. The electrophoretic mobilities of peptides and proteins were successfully 
correlated with their effective charge (q) and molecular mass (M) using a function 
of q/M^ by other researchers Thus, the constant mobility difference among 
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the antibody isoforms likely resulted from charge heterogeneity. 
CZE resolves protein anaiytes mainly on the basis of their charge and to a 
lesser degree on size. Electrophoretic mobility is fairly insensitive to mass 
changes for monoclonal antibodies with a molecular weight of around 150,000 
daltons. For example, a decrease in mass of 1000 daltons only increases 
electrophoretic mobility by 0.45% and a change of 10,000 daltons results in a 
mobility shift of 4.5%, assuming effective charge (q) is unchanged. For the 
antibody of anti-human follicle stimulating hormone, the electrophoretic mobility 
differed by 43% between the earliest and the latest eluting variants. 
Monoclonal antibodies, by their very nature, contain a homologous amino 
acid sequence. On the other hand, post-translational modifications depend on 
cellular concentrations of modifying enzymes and substrates. A major source of 
antibody heterogeneity results from differences in protein glycosylation. Two N-
linked glycosylation sites are conserved among all IgGs, one on each heavy chain 
in the Fc region. These oligosaccarides are known to be complex and may 
contain temninal sialic acid. Oligosaccarides on IgG account for about 3% of total 
molecular mass. Based on the nature of monoclonal antibodies, variation in sialic 
acid content may contribute to the charge variants observed in this study. Mouse 
monoclonal antibody was treated with sialidase for 4 days in an effort to cleave all 
terminal sialic acid. The original antibody isoforms were still observed in CZE-UV 
analysis of the digest. In addition, a small peak eluted prior to the earliest 
migrating variant. This decrease in negative electrophoretic mobility was 
consistent with a reduction in negative charge. 
Additional sources of antibody heterogeneity can also contribute to the 
constant mobility difference observed in this study. Both deamination and ragged 
termini have been reported for monoclonal antibodies^^^. In conclusion, post-
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capillary affinity detection for CZE allows separation and selective detection of 
human IgG subclasses and mouse monoclonal antibody variants. Analysis of 
human IgG subclasses reveals the importance of affinity binding constant on 
detection sensitivity. By maintaining resolution of protein variants and introducing 
affinity selectivity, post-capillary affinity detection allows analysis of antibody 
variants in complex sample matrices. Mouse monoclonal anti-(human-ai-
antitrypsin) and anti-human follicle stimulating hormone are detected and 
quantified without any interference from DME cell culture media containing fetal 
bovine serum. This novel bioanalytical technique is linear with respect to 
antibody concentration and may provide in-process evaluation of antibody 
heterogeneity to assess purity and lot-to-lot consistency with little sample 
preparation. 
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CHAPTER 4. MECHANISTIC STUDIES OF 
POST-CAPILLARY AFFINITY DETECTION FOR 
CAPILLARY ZONE ELECTROPHORESIS 
BASED ON THE BIOTIN-STREPTAVIDIN SYSTEM 
A paper submitted to Analytical Chemistry 
Jean Abler Kelly, K. R. Reddy, and Cheng S. Lee* 
Abstract 
Post-capillary affinity detection is developed to analyze structurally related 
compounds following capillary zone electrophoresis separation. In this work, 
biotin and biotin derivatives are resolved by capillary zone electrophoresis and 
selectively Identified based on their cross-reactivity with streptavidin-fluorescein 
isothiocyanate, added via a post-capillary reactor. Direct sensing of the affinity 
reaction is achieved by monitoring the resulting fluorescence enhancement of 
streptavidin-fluorescein isothiocyanate upon biotin binding. The effects of post­
capillary reactor parameters, including capillary gap distance, dilution ratio, and 
reaction distance, on peak area and peak efficiency of the biotin-streptavidin 
complex are investigated. A reaction kinetic model is presented for evaluating the 
dynamic range and detection limits of post-capillary affinity detection as a function 
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of streptavidin concentration in the post-capillary reactor. The detection limit for 
post-capillary affinity detection of biotin is on the order of 3 nM, or 4 femtogram. 
Introduction 
Capillary electrophoresis based immunoassays have gained popularity as 
a sensitive and selective means for quantifying proteins and drugs in complex 
sample matrices^ '^^ . Initial work by Nielsen et al.^^^ demonstrated the ability of 
capillary zone electrophoresis (CZE) to separate free and antibody bound human 
growth hormone. The transition from UV absorbance to laser-induced 
fluorescence detection (LIFD) improved assay sensitivity for insulin® and human 
growth hormone '^ using fluorescently tagged antibodies or antigens. Similarly, 
selective and sensitive CZE based immunoassays have been reported for 
immunoglobulin G (IgG) '^^ , morphine®, phencyclidine^®^, and Cortisol^ . In related 
work, laser-based particle counting was employed for a CZE latex particle 
agglutination immunoassay for glucose 6-phosphate dehydrogenase in single 
erythrocytes^\ 
Post-capillary affinity detection for CZE has been proposed and 
demonstrated to simultaneously characterize structurally related compounds and 
macromolecules with high selectivity and sensitivity. For example, Zare and his 
co-workers integrated CZE with a cell-based detector for the separation and 
identification of receptor antagonists®. In our laboratory, human IgG Fc variants 
were separated by CZE and selectively identified by affinity binding with 
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fluorescein labeled fragment B of protein A in a post-capillary reactor^^"^. Affinity 
complexes between fragment B-fluorescein and resolved IgG Fc variants were 
detected by LIFD due to an increase in fluorescence emission intensity upon 
binding. Such fluorescence enhancement was attributed to an increase in the 
local pH surrounding fragment B-fluorescein as a result of IgG Fc binding^""^^. 
Due to changes in dynamic quenching, Bachas and co-workers^^®'^ ®' 
observed a similar fluorescence enhancement for streptavidin-fluorescein 
isothiocyanate (FITC) upon biotin binding. Post-column addition of streptavidin-
FITC was employed following a reverse phase HPLC separation to selectively 
determine biotin and related derlvatives^^ '^^ ®^ The detection limits for biotin and 
biocytin were measured as 2 x 10"® M (or 97 picogram and 149 picogram, 
respectively)^^ '^'®\ 
In this work, biotin and its derivatives, including biocytin, biotin 
ethylenediamine, 6-(biotinoylamino)caproic acid, and 6-(biotinoylamino)caproic 
acid hydrazide, are analyzed by CZE equipped with post-capillary affinity 
detection. Biotin and biotin derivatives are first resolved by CZE and 
subsequently reacted on-line with streptavidin-FITC in a post-capillary reactor 
(see Fig. 4.1). Biotin-streptavidin affinity complexes are selectively detected by 
LIFD in the reaction capillary, due to their greater fluorescence emission intensity, 
relative to unbound streptavidin-FITC. Successful resolution and selective 
detection of biotins in post-capillary affinity detection for CZE are reported and 
compared with the HPLC separation employing the biotin-streptavidin binding 
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Figure 4.1. Schematic diagram of post-capillary affinity detection for CZE; (A) 
overview of system; (B) expanded view of post-capillary reactor. A10-200 pim 
gap between the separation and reaction capillaries was sunrounded by solution 
containing fluorescently labeled streptavidin for post-capillary reaction with biotin 
and its derivatives. 
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Additionally, mechanistic studies of post-capillary reactor performance and 
affinity reaction dynamics are earned out using the biotin-streptavidin interaction. 
Two separate electric fields, with different field strengths, are applied across the 
separation and reaction capillaries (see Fig. 4.1) to transfer biotins across the gap 
and introduce both biotins and streptavidin-FITC into the reaction capillary. The 
effects of field strengths and gap distance between the separation and reaction 
capillaries on biotin transfer are investigated to achieve quantitative transfer and 
maintain high separation efficiency. A reaction kinetic model is developed to 
evaluate the influence of streptavidin-FITC concentration on the dynamic range 
and detection limits of post-capillary affinity detection for CZE. In comparison with 
experimental measurements, the model effectively predicts the biotin peak area 
over 3 orders of magnitude with an analytical useful range of 2 decades of biotin 
concentration. 
Experimental Section 
Capillary Zone Electrophoresis: UV Measurements 
The CZE apparatus was constructed in-house using a CZE 1000R high-
voltage power supply (Spellman High-Voltage Electronics. Plainview, New York). 
The electrophoresis buffer was prepared by titrating solutions of 10 mM 
monobasic and dibasic phosphate (Fisher Scientific, Pittsburgh, Pennsylvania) to 
pH 8.5. Biotin and biocytin were obtained from Sigma (St. Louis, Missouri). Biotin 
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ethylenediamine, 6-(biotinoylamino)caproic acid, and 6-(biotinoylamino)caproic 
acid hydrazide were purchased from Molecular Probes (Eugene, Oregon). Biotin 
and its derivatives, each with a concentration of 250 piM, were constituted in 
electrophoresis buffer. A serum free cell culture media containing biotin was 
obtained from Sigma. All solutions were filtered through a 0.22-nm filter (Costar, 
Cambridge, Massachusetts). 
CZE separations were carried out in fused silica capillaries from Polymicro 
Technologies (Phoenix, Arizona). Capillary dimensions consisted of 50 iim i.d. 
and 375 iim o.d. with a total length of 70 cm, 50 cm to the detector. Fused silica 
capillaries were treated with 100 mM sodium hydroxide (Fisher) followed by de-
ionized water, then electrophoresis buffer prior to use. A constant electric 
potential of +21 kV (300 V/cm) was applied to the anodic end of the capillary for 2 
second electrokinetic injection as well as for electrophoretic separation. Biotin 
and its derivatives were monitored by a Linear UVIS 200 detector (Linear 
Instruments, Reno, Nevada) at 200 nm. Data collection was performed by an HP 
35900D analog to digital interface board with the HP G1250C General Purpose 
Chemstation Software (Hewlett Packard, Fullerton, California). 
In transfer experiments, a 50 cm long capillary was employed for the 
separation. UV absorbance in a 20 cm long reaction capillary, with dimensions of 
50 nm i.d. and 375 |im o.d., was monitored at 5 cm from the post-capillary reactor 
(see Fig. 4.1). For UV analysis with transfer, the electrophoresis buffer was 
placed in the post-capillary reactor. Transfer of biotin analytes was achieved by 
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applying two separate electric fields across the separation and reaction 
capillaries, as first described by Cassidy et al/^^ Two high-voltage power 
supplies applied +15 kV and -10 kV to the inlet and outlet reservoirs, respectively. 
The post-capillary reactor was grounded. The larger electric field (500 V/cm) in 
the reaction capillary, relative to that in the separation capillary (300 V/cm), 
resulted in a greater electroosmotic flow in the reaction capillary and facilitated 
transfer of biotin and its derivatives. 
Post-Capillary Reactor 
A rectangular post-capillary reactor was machined out of Plexiglas with 
dimensions of 2.5 x 1.3 x 0.7 cm and a 50 reservoir (see Fig. 4.1). Two 1/16 
inch diameter channels accessed the reservoir from opposite sides and were 
fitted with Teflon tubing (0.3 mm i.d. and 1/16 inch o.d.). The small i.d. of the 
tubing allowed secure alignment of the separation and reaction capillaries at the 
same height and lateral position. The axial distance between the capillaries was 
adjusted manually with a micrometer stage and visualized by a custom 
microscope (Edmund Scientific, Barrington, New Jersey) equipped with a 10x 
objective and a 10x eyepiece. The 10-200 iim gap distance between the 
capillaries was measured with a micrometer disc reticle. 
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Post-Capillary Affinity Detection for Capillary Zone Electrophoresis 
During post-capillary affinity detection of biotin and related derivatives, 
streptavidin labeled with FITC was placed in the post-capillary reactor. 
Fluorescently labeled streptavidin, with 3.6 FITC per streptavidin, was obtained 
from Vector Laboratories (Buriingame, California) and diluted prior to use. 
Separations were performed in a 50 cm long capillary with dimensions of 50 |im 
i.d. and 375 |im o.d. Electric potentials of +5 kV (100 V/cm) and +15 kV (300 
V/cm) were applied to the inlet reservoir for a 6 second electrokinetic sample 
injection (~6 nL) and for electrophoretic separation, respectively. The reaction of 
biotins with streptavidin-FITC occurred in a 30 cm long reaction capillary, with 50 
jim i.d. and 375 ^m o.d. Important operation parameters, including axial gap 
distance, streptavidin-FITC concentration in the post-capillary reactor, electric 
potential applied to the outlet reservoir, and reaction distance from reactor to 
LIFD, were studied to optimize post-capillary affinity detection performance. 
The 488 nm line of an argon ion laser (Ion Laser Technology, Salt Lake 
City, Utah) was used for LIFD. A LIFD originally designed by Yeung and his co­
workers^"' was geometrically modified to allow the integration of a post-capillary 
reactor. Modifications were described in detail elsewhere^^°l 
Homogeneous Fluorescence Assays 
Homogeneous fluorescence assays for biotin using streptavidin-FITC were 
performed with a LS50B fluorescence spectrophotometer (Perkin-Elmer, 
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Buckinghamshire, England). Fluorescence was excited at 488 nm and collected 
at 515 nm. During the equilibrium studies, increasing amounts of biotin were 
added to a 50 nM streptavidin-FITC solution with and without 100 nM biotin 
preincubation. To measure the pseudo first order association rate constant, a 
reaction mixture containing 333 nM biotin and 10 nM streptavidin (preincubated 
with 20 nM biotin) was prepared for time dependent fluorescence measurements. 
Theory 
All four biotin binding sites on streptavidin are assumed to have equal 
biotin affinity, i.e. no allosteric effects. The reaction of biotin (B) with streptavidin-
FITC (SF) can then be written as: 
k+i 
8 + SF <=====> B-SF (1) 
k-i 
Where the SF concentration represents the concentration of total biotin binding 
sites on streptavidin. For example, a 10 nM streptavidin solution contains 40 nM 
of biotin binding sites. 
The association kinetics of biotin and streptavidin-FITC, in the post­
capillary reaction, is described by the second order rate law: 
d [B-SF] 
^ = k.i[B][SF] (2) 
The integrated form of this rate law yields: 
73 
1 [Sf]o ([B]o - [B-SF]) 
k,it = In (3) 
[B]o - [SF]o ([SF]o - [B-SF]) [B]o 
Where the subscript "o" stands for the initial concentrations of biotin and 
streptavidin-FITC in the reaction capillary. Solving for [B-SF] results in; 
morn ro, exp{k.i t ([B]„ - [SF],)} - 1 [B-SF] = [SF]JB]„ (4) 
[Bl,exp{k,it([B]„-[SFl,)}-[SF], 
By assuming the reaction of biotin with streptavidin is irreversible, the 
concentration of biotin-streptavidin complex formed in the reaction capillary is 
described by Eq. (4). To predict reaction dynamics, initial concentrations of biotin 
and biotin binding sites on streptavidin-FITC in the reaction capillary ([B]o and 
[SF]o), reaction time (t), and association rate constant (k^-i) must be determined. 
The second order association rate constant, k+i, can be correlated with the 
pseudo first order rate constant, k', as: 
k' = [B] k.1 (5) 
under conditions of excess biotin such that the concentration remains relatively 
constant over the course of the reaction. By assuming the change in fluorescence 
intensity is linear with formation of biotin-streptavidin complex, the fluorescence 
intensity monitored during the reaction, It, is given as: 
lt = iinf + (lo-U)exp{-k't} (6) 
where U and linf are the fluorescence intensities of streptavidin-FITC in the 
absence of biotin and at complete biotin binding saturation, respectively. By 
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measuring the fluorescence intensity as a function of time for the biotin-
streptavidin reaction, both the pseudo first order rate constant, k', and the second 
order association rate constant, k+i, can be experimentally measured using Eqs. 
(5) and (6). 
The biotin concentration at the peak maximum In the reaction capillary is 
given by: 
^nj O i^n/^s) [BL MBlnjd—(7) 
a (27c)1'2 
Where Vinj and Vs are the electric potentials applied across the separation 
capillary for electrokinetic injection and electrophoretic separation, respectively. 
tinj is the injection time, [B]inj is the sample concentration, and a is the peak 
variance in the reaction capillary, d is the experimentally determined dilution ratio 
for biotin during the transfer into the reaction capillary. Due to identical inner 
diameters for both the separation and reaction capillaries, the dilution of biotin 
during the transfer results mainly from the differences in the electroosmotic flow 
between the separation and reaction capillaries. Additionally, the initial 
concentration of streptavidin-FITC, [SF]o, at the entrance of the reaction capillary 
can be estimated based on the streptavidin-FITC concentration in the post­
capillary reactor and the dilution ratio, d. 
The concentration of biotin-streptavidin complex formed at reaction time t, 
[B-SF], can be calculated using Eq. (4) with the known values of k+i, [B]o, and 
[SF]o. The peak area corresponding to [B-SF] in the reaction capillary can then 
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be predicted as: 
[B-SF] 
Peak Area = a(27cpFE (8) 
[SF]o 
Where F is the height of the initial fluorescence front of streptavidin-FITC 
introduced into the reaction capillary, and E is the fluorescence enhancement 
factor of streptavidin-FITC upon complete binding saturation with biotin. 
Additionally, peak signal to noise ratio is given by; 
F [B-SF] 
S/N = E (9) 
[SF]o 
Where Ob is the standard deviation of the background fluorescence of unbound 
streptavidin-FITC. The concentration detection limit for biotin can then be 
determined at S/N = 3. 
Results and Discussion 
Capillary Zone Electrophoresis-UV Studies 
The separation of biotin and its derivatives, including biocytin, biotin 
ethylenediamine, 6-(biotinoylamino)caproic acid, and 6-(biotinoylamino)caproic 
acid hydrazide, was achieved with baseline resolution in less than 6 minutes (see 
Fig. 4.2 A). The separation efficiencies of biotin analytes ranged from 170,000 to 
500,000 theoretical plates for an effective separation length of 50 cm. Resolution, 
efficiency, and analysis time were all improved in the CZE separation relative to a 
reverse phase HPLC separation demonstrated by Hentz and Bachas^^®^ 
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Figure 4.2. Capillary zone electrophoresis separation with UV detection of 250 
nM each of (1) biotin ethylenediamine, (2) 6-(biotinoylamino)caproic acid 
hydrazide, (3) biocytin, (4) 6-(biotinoylamino)caproic acid, and (5) biotin. (A) 
Resolution of biotins in the separation capillary; (B) transfer of resolved biotins 
across a 10 nm gap and into the reaction capillary. 
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Post-capiilary affinity detection of biotins required the transfer of resolved 
biotin derivatives across a liquid junction between the separation and reaction 
capillaries. Minimal loss in efficiency vt^as particularly crucial to maintain 
resolution between (biotinoylamino)caproic acid hydrazide and biocytin. Transfer 
of biotins was carried out by applying two separate electric fields across the 
separation and reaction capillaries. Biotin zones migrating through the liquid 
junction were confined by the electrical field lines extending across the gap, thus 
minimizing solute dispersion during the transfer^^®'^ '^^ l Fig. 4.2 B demonstrated 
the successful transfer of all five biotin zones with acceptable losses in resolution 
and efficiency. For instance, transfer reduced the resolution between 
(biotinoylamino)caproic acid hydrazide and biocytin from 1.54 in the single 
capillary to 1.28 in the transfer measurement due to a decrease in peak efficiency 
from 350,000 to 240,000. 
Optimization of Post-Capillary Reactor Conditions 
Capillary gap distance, field strength across the reaction capillary, and 
reaction distance were varied (see Fig 4.3) to characterize the performance of our 
post-capillary reactor for the reaction of biotin with streptavidin-FITC. Peak area, 
height, and efficiency of the biotin-streptavidin complex were relatively constant at 
gap distances of 10-25 jam. indicating minimal changes in transfer efficiency and 
analyte dispersion. However, as the gap distance was increased further, peak 
area, height, and efficiency dropped all off considerably, suggesting analyte loss 
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Figure 4.3. Effects of post-capillary reactor parameters on peak area, height, 
and efficiency of biotin-streptavidin. In all experiments, 200 nM biotin was 
electrokinetically injected four times and results averaged. Streptavidin-FITC was 
diluted to 10 nM with electrophoresis buffer and placed in the post-capillary 
reactor. Unless stated otherwise, gap distance was 10 iim, 500 V/cm was applied 
across the reaction capillary, and LIFD monitored in the reaction capillary at 5 cm 
from the post-capillary reactor. (A) Gap distance varied from 10 to 200 ^m. (B) 
Field strength applied across reaction capillary varied from 350 to 550 V/cm. (C) 
Distance between post-capillary reactor and LIFD varied from 2 to 10 cm. Error 
bars represent +/- one standard deviation. 
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and solute dispersion during transfer. Based on these findings, the capillary gap 
distance was fixed at 10 for the remaining analyses. 
When the electric field strength applied across the reaction capillary was 
decreased, peak area, height, and efficiency of the biotin-streptavidin complex 
were all reduced to some extent. As the field strength was decreased, biotin and 
streptavidin-FITC traveled slower and would have more time to react with one 
another, prior to LIFD. However, the streptavidin-FITC concentration in the 
reaction capillary was reduced at lower electric field strengths, decreasing 
reaction yield and height of initial fluorescence front in Eq. (8) for the prediction of 
peak area. At low fields, the biotins traveled across the 10 lam gap at slower 
velocities which might increase analyte losses. Applying a field strength of 550 
V/cm resulted in the highest efficiency, at the expense of a large current and 
solvent outgassing. As a result, the electric field strength of 500 V/cm was 
selected and employed in further studies. 
Reaction kinetics were evaluated by varying the LIFD observation position 
while holding all other conditions constant. Since the electric field strength in the 
reaction capillary remained constant, reaction distance was directly proportional 
to reaction time. As the distance between the post-capillary reactor and the LIFD 
was increased, both peak height and peak area of the biotin-streptavidin complex 
increased significantly while peak efficiency dropped. Free biotin and the biotin-
streptavidin complex migrated through the reaction capillary with different 
electrophoretic velocities which resulted in greater band broadening at longer 
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reaction distances. For further post-capillary affinity detection of biotin, 
streptavidin-FITC and biotin were allowed to react for 5 cm in the reaction 
capillary, corresponding to a reaction time of approximately 20 seconds, prior to 
LIFD to maximize reaction yield while preserving peak efficiency. 
Dynamic Range and Detection Limits of Post-Capillary Affinity Detection 
The homogeneous equilibrium binding assay for biotin using streptavidin-
FITC (see Fig. 4.4) indicated a non-linear calibration curve at low biotin 
concentrations. However, preincubation of 50 nM streptavidin-FITC with 100 nM 
biotin, prior to the binding assay, resulted in a linear relationship between 
fluorescence intensity and added concentration of biotin. The binding sites on 
streptavidin-FITC which were preferentially filled at low biotin concentrations 
exhibited smaller fluorescence enhancements upon biotin binding. One key 
assumption needed for development of our reaction kinetic model for post­
capillary affinity detection involved the linear dependence of affinity complex 
formation on the change in the fluorescence intensity monitored by LIFD. Thus, 
further experimental studies and theoretical predictions were performed using 
streptavidin-FITC with two of the four biotin binding sites already filled during 
preincubation with biotin. 
The second order association rate constant, k+i, was estimated from 
fluorescence time dependent measurements under pseudo first order conditions, 
due to excess biotin (see Fig. 4.5). Fluorescence data was fit to Eq. (6) by 
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Figure 4.4. Homogeneous equilibrium binding assays for biotin in the absence 
and presence of biotin preincubation. Open circle: 50 nM streptavidin-FITC; 
closed circle: 50 nM streptavidin-FITC preincubated with 100 nM biotin, prior to 
the biotin binding assay. 
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Figure 4.5. Time dependent measurements of pseudo first order reaction 
kinetics between 10 nM streptavidin-FITC (preincubated with 20 nM biotin) and 
333 nM. The solid curve was the best fit of fluorescence data based on Eg. (6). 
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minimizing the sum of the squares of the residuals which yielded a k+i of 1.11 x 
10® M'^ s'^  for the association of biotin with streptavidin-FITC. Oosterkamp et al. 
studied the biotin-avidin interaction, using a competitive HPLC biotin assay, and 
obtained high correlation between experimental and theoretical data with a k^-i of 
2x10® The determination of k+i allowed prediction of biotin-streptavidin 
peak area, formed in the reaction capillary, as a function of biotin concentration in 
the sample and streptavidin-FITC concentration in the post-caplllary affinity 
reactor using Eqs. (4) and (8). Excellent agreement was observed (see Fig 4.6) 
between the predicted and actual response over 3 orders of magnitude with an 
analytical useful range of two decades of biotin concentration. 
The dynamic range of post-capillary affinity detection for biotin increased 
with Increasing streptavldin concentration. Based on Eqs. (4) and (9), the 
reaction kinetic model also permitted the calculation of theoretical detection limit 
of biotin as a function of streptavidin-FITC concentration in the post-capillary 
reactor. Initially, the S/N ratio of the biotin-streptavidin peak increased as the 
concentration of streptavidin-FITC was Increased due to an Increase in the signal 
to noise ratio of the background fluorescence front, F/ob. However, the bound 
fraction of streptavidin-FITC ([B-SF]/[SF]o) decreased slightly as the concentration 
of streptavidin-FITC was increased. In addition, the signal to noise ratio of the 
background fluorescence front started to decrease at high streptavidin-FITC 
concentrations. The detection limits predicted by the reaction kinetic model were 
compared with those experimentally detennlned at various streptavidin-FITC 
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Figure 4.6. Comparison of theoretical predictions (solid curve) with post­
capillary affinity detection of biotin (open circles). 25 nM streptavidin-FITC was 
preincubated with 50 nM biotin and placed in the post-capillary reactor. Gap 
distance between the separation and reaction capillaries was 10 iim. -15 kV (500 
V/cm) was applied to the outlet reservoir. LIFD was monitored in the reaction 
capillary at 5 cm from the post-capillary reactor. Triplicate Injections were carried 
out for each biotin concentration with an experimental RSD of 0.3-12%. 
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concentrations (see Table 4.1). The optimum concentration of streptavidin-FITC 
for biotin detection was predicted and observed around 25 nM with biotin 
detection limits of about 3 nM or 4 femtogram. 
Post-Capillary Affinity Detection of Biotin Derivatives in Capillary Zone 
Electrophoresis 
Post-capillary affinity detection of biotin and Its derivatives was achieved 
under the optimum conditions (see Fig. 4.7). Initially, a fluorescence front was 
observed due to Introduction of streptavidin-FITC from the post-capillary reactor 
into the reaction capillary. On top of the fluorescence background, five peaks 
appeared at migration times corresponding to biotin and its derivatives. However, 
the peak height pattern for the five analytes was different from that observed In 
CZE-UV studies (see Fig. 4.2). Fluorescence time drive assays indicated that 
biotin ethylenedlamine, 6-(biotlnoylamino)caprolc acid hydrazlde, and blocytin 
had larger k+i values for association with streptavidin-FITC, relative to those for 6-
(biotlnoylamlno)caproic acid and biotin. Additionally, the fluorescence 
enhancement was greater for biotin ethylenedlamine than blocytin and 6-
(biotinoylamino)caproic acid hydrazlde, suggesting a more significant change In 
the local environment around the streptavidin-blotin ethylenedlamine complex. 
Peak resolution and efficiency decreased slightly In the post-capillary affinity 
analysis, relative to the UV transfer experiments (see Fig. 4.2 B), as a result of the 
affinity reaction. Differences In electrophoretic mobility between free biotin and 
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Table 4.1. Detection Limit Studies 
Concentration of 
Streptavidin-F IT C® 
Detection Limit 
for Biotin 
(Observed)'' 
Detection Limit 
for Biotin 
(Caicuiatedf 
5nM 7nlVI SnlVI 
10nl\/l 6nM 5nl\4 
25 m 3nM 3nM 
50 nM 5 m 5nM 
100 nM 7nM 6nlVI 
® Two of the four biotin binding sites on streptavidin-FITC were filled prior to 
analysis by preincubation with biotin. 
Observed detection limit was determined from measuring S/N of three biotin 
concentrations near the detection limit and extrapolating to S/N = 3. 
® Calculated detection limit was based on Eqs. (4) and (9) using k^-i = 1.11 x 10® 
M"^s'\ d = 0.45, a = 0.039 min, E = 1.7, and t = 20 seconds. F and ob were 
dependent on the concentration of streptavidin-FITC and were determined 
experimentally. 
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Figure 4.7. Post-capillary affinity detection of 100 nM of each (1) blotin 
ethylenediamine, (2) 6-(biotinoylamino)caproic acid hydrazide, (3) biocytin, (4) 6-
(biotinoylamino)caproic acid, and (5) biotin, in CZE. A 25 nM streptavidin-FITC 
solution (preincubated with 50 nM biotin) was placed in the post-capillary reactor. 
Other conditions were identical to those in Fig. 4.6. 
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the biotin-streptavidin complex likely contributed to additional band broadening. 
Comparison with Reported Affinity Capillary Electrophoresis Techniques 
Affinity capillary electrophoresis techniques reported in the literature^^"^, 
involving complex formation prior to CZE analysis, were employed to analyze 
biotin and its derivatives. As shown in Fig. 4.8 A, the electropherogram of 
streptavidin-FITC contained a number of species, likely due to heterogeneity in 
the labeling process as well as impurities. The reaction of biotins with 
streptavidin-FITC significantly increased the fluorescence Intensity of the first 
streptavidin-FITC peak, indicating complex formation (see Fig. 4.8 B). However, 
no clear resolution among various biotin-streptavidin complexes was observed 
and individual biotin analytes could not be identified. By comparing Fig. 4.7 with 
Fig. 4.8 B, post-capillary affinity detection clearly exhibited greater resolving 
power for examining structurally related compounds, such as biotin and its 
derivatives. 
Analysis of Cell Culture Media 
Post-capillary affinity detection was employed to analyze the biotin 
concentration in serum free cell culture media with high selectivity and sensitivity. 
In the CZE separation with UV absorbance detection, multiple peaks were 
observed for the media, yet biotin levels could not be determined due to the 
presence of co-migrating compounds (see Fig. 4.9 A). In contrast, post-capillary 
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Figure 4.8. Affinity complex fomiation prior to CZE analysis. CZE separation 
was performed in a 40 cm long fused silica capillary with 25 cm to LIFD at 515 
nm. Separation buffer was 10 mM phosphate at pH 8.5. Applied 12 kV for 3 
second sample injection as well as during the separation. The reaction mixture 
was prepared in the electrophoresis buffer with: (A) 100 nM streptavidin-FITC 
and (B) 100 nM streptavidin-FITC and 150 nM of each biotin derivative. 
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Figure 4.9 Analysis of serum free cell culture media. (A) CZE separation with 
UV detection in a fused silica capillary with 20 nm i.d. and 375 |im o.d. Run buffer 
ionic strength was increased to 50 mM phosphate at pH 8.5. Serum free media 
was injected without dilution. Other conditions Identical to Fig. 4.2 A. (B) Post­
capillary affinity detection of biotin in serum free media. Separation and reaction 
capillaries were fused silica with 20 |im i.d. and 375 ^m o.d. Run buffer ionic 
strength was increased to 50 mM phosphate at pH 8.5. Serum free media was 
injected without dilution. Other conditions identical to Fig. 4.7. 
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affinity detection in CZE-not only simplified the electropherogram (see Fig. 4.9 B), 
but also identified biotin without any interference from co-migrating compounds in 
cell culture media. Because of additional migration distance in the reaction 
capillary, the migration time of biotin increased by approximately 40 sec in post­
capillary affinity detection, in comparison with that in the CZE-UV measurement. 
Due to greater sensitivity in post-capillary affinty detection, relative to UV 
absorbance, approximately 500 nM biotin was selectively determined. 
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CHAPTER 5. GENERAL CONCLUSIONS 
General Discussion 
Post-capillary affinity detection for capillary electrophoresis was 
successfully developed to analyze structurally related analytes in complex sample 
matrices. This technique combined the selectivity of capillary electrophoresis 
based affinity detection schemes^^°*^^\ yet increased resolving power to speciate 
compounds containing a similar epitope. In this work, two model systems were 
examined, each based on homogeneous binding assays developed by Huang and 
and Barbarakis et al.^. 
Initial post-capillary reactor development was performed using the fragment 
B-IgG interaction. Studies revealed that resolution of IgG microheterogeneity 
could be achieved by capillary zone electrophoresis and maintained during the 
affinity reaction. Examining IgG subclasses indicated the paramount role of the 
affinity association constant in analyte detection. Patterns of monoclonal antibody 
heterogeneity were obtained with minimal interference from cell culture media 
containing serum. Linearity of fluorescence peak area with IgG concentration was 
obtained indicating the ability of post-capillary affinity detection to quantitate 
structurally related analytes. 
Work with the biotin-streptavidin system increased our fundamental 
understanding of the processes occurring during analyte transfer into the reaction 
capillary and affinity binding. For this work, previous post-capillary reactor 
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designs '^^  were examined in great detail and mobilization in the reaction 
capillary was performed in a manner similar to Cassidy et al.^ to preserve high 
efficiencies. A kinetic model was developed which effectively predicted peak 
response over 3 orders of magnitude in biotin concentration as well as detection 
limits. 
Recommendations for Further Study 
Further work could continue in a few directions. The two affinity systems 
developed in this work could be applied to other samples. For instance, biotin 
containing proteins could be selectively analyzed in extremely complex systems, 
such as E. Coli. Additionally, biotinylation reactions could be monitored such that 
differences in conjugation ratio and even conjugation site could be resolved by 
capillary zone electrophoresis and detected with high sensitivity. An alternative 
direction is to develop new homogeneous fluorescence assays, or find others 
reported in the literature, in which fluorescence emission intensity either 
increases or decreases when two analytes bind. These new systems then could 
be examined by post-capillary affinity detection for capillary zone electrophoresis. 
Finally, post-capillary affinity detection could be applied to other modes of 
capillary zone electrophoresis such as micellar electrokinetic chromatography or 
capillary isoelectric focusing. 
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